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@ An ultrasonic signal drive/sense circuitry is provided, which circuitry is adaptable to a variety of automated or 
manual fastener tightening operations. This circuitry operates for measuring tension in a fastener (49) as a 
function of change in time of flight of an ultrasonic wave. A microcontroller (13) directs the operation of circuit 
components to generate high amplitude, high repetition rate, drive pulses with these amplitude and repetition 
rate factors being electronically adjustable to compensate for fastening tool and fastener acoustical properties 
and tightening rates. Software driven timing circuitry (63) calculates, calibrates and adjusts pulse echo detection 
^ window width and center location and also optimum echo detection threshold. This timing circuitry is imple- 
^ mented by digital techniques to measure pulse time of flight and incorporates analog interpolation of data 
O between digital counts. Sampling rates of the echo pulses are adjusted to tool speed. An auto-calibration 
J2 technique Is implemented prior to each fastener tightening operation to overcome circuit errors and set detection 
window position and to optimize pulse voltage and echo threshold detection levels. Time of flight data is 
fO selectably calculable from the initial ultrasonic pulse to the primary echo or successive reflections thereof. 
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Background of the Invention: 

This application is a continuation-in-part of application Serial No. 516,027. filed April 27. 1990. 
This invention relates to electronic circuitry for generating ultrasonic signals and for sensing reflected 
5 ultrasonic echo signals; and nnore specifically to such electronic circuitry for use as ultrasonic tension 
control in manual or automated fastener tightening. 

Ultrasonic signal processing has been used in the past to detect flaws in metal objects, such as 
fasteners, and to measure the elongation of a fastener during or after tightening. The procedure adopted 
has been to transmit electronically generated ultrasonic pulses down the^ length of a fastener and then to 

10 measure the time from pulse to echo, I.e. the reflected ultrasonic signal. This is the "time of flight" of the 
echo. The time of flight of the echo measures the distance to a fault, an inclusion or a fracture in a faulty 
fastener, and the length of a good fastener. However, the length of the fastener changes as tension is 
applied to the fastener. Therefore, a change in time of flight occurs as a function of axial tension. 

Meisterling, U.S. Patent No. 4,760,740, shows an extensometer unit coupled to an ultrasonic transducer 

76 which In turn Is mounted to the head of a fastener. The Meisterling extensometer unit contains signal 
generating, signal receiving and signal processing circuitry of a general nature. An example of an 
extensometer circuit is shown by McFaul et al., U.S. Patent No. 3,759,090. 

Jones, U.S. Patent No. 4,413.518, shows a bolt elongation measurement apparatus and a method of 
measuring bolts. The circuitry utilizes a microprocessor-based digital system including a binary counter 

20 which counts pulses generated by a high frequency oscillator during the time interval between the entry into 
the bolt of a first pulse and exit from the bolt of a second pulse derived from the reflection return of 
ultrasonic energy from the opposite end of the bolt. The count is applied to a computer for calculation of 
bolt length or of bolt stretch due to mechanical stress. The calculation also Incorporates data input thereinto 
and corresponding to material velocity, stress correction factor, measurement temperature, and thermal 

25 correction factor. A digital filtering algorithm ensures an accurate and stable measurement. The receiver of 
the apparatus overcomes the problem of spurious ultrasonic reflection characteristics of threaded bolts by 
means of a dual characteristic echo sensing circuit to deal with stress-induced pulse distortion and a gain 
contour circuit to deal with spurious echo pulses that are characteristic of threaded bolts. 

Couchman, U.S. Patent No. 4,295.377. shows ultrasonic signal generation and detection circuitry which 

30 includes logic and timing circuits for generating an echo signal detection "window". This circuitry and 
detection technique of Couchman is also shown in his U.S. Patent No. 4,294,122. The detection window 
establishes a time period when any signal received is taken as the desired echo pulse. The time lapse 
between detection windows is adjustable and a function of the repetition rate of the primary ultrasonic 
pulses which Couchman provides at 100 to 2000 pulses per second. 

35 Moore, U.S. Patent No. 4,014,208, shows an ultrasonic device for measuring dimensional changes In a 
structural member. The device includes circuitry to double pulse a transducer to transmit an acoustic pulse 
into the member at one end for reflection from Its other end with a period between paired pulses selected to 
cause the second echo received of the first pulse to coincide with the first echo of the second pulse. A 
voltage controlled oscillator Is employed with a digital counter to time the period between paired pulses, the 

40 Interval between successive paired pulses, and the time of a predetermined number of pulse pairs. The 
latter timing Is used to alternatively shift the frequency of the voltage controlled oscillator to cause the first 
echo of the second pulse to be offset in phase from the coincidence position it might have at the central 
frequency. Phase detection and integration of the echo pulse coincidence during alternately high and low 
frequency offsets produces a phase-sensitive feedback signal to the voltage controlled oscillator to drive its 

45 central frequency toward precise coincidence. 

Kibblewhite. U.S. Patent No. 4.846,001 , shows a fastener with an ultrasonic transducer affixed thereto. 
Electronic source pulses are applied to the transducer and electrical echoes produced by reflected 
ultrasonic waves are sensed. Kibblewhite measures a change in mechanical stress in the fastener by 
measuring a change in bolt stretch as a function of change in time of flight of echo measurement. Three 

50 time of flight measurement schemes are discussed. These are (1) a direct timing technique. (2) an Indirect 
timing technique, and (3) a double pulsing technique. 

A direct timing technique involves the measurement of the time interval between a source pulse (drive 
pulse) and the received echo. An indirect timing technique involves timing from the first echo to the second 
echo of a particular source pulse. In a double pulsing technique, two source pulses are transmitted, one 

55 after another. The time interval between these two pulses is adjusted so that the second echo fronr) the first 
of the two source pulses coincides with the first echo from the second of the two source pulses. 

Kibblewhite also discusses various echo detection techniques which can reduce the delay time of 
waiting for echoes of the previous pulse to die down. These detection techniques Include (a) a fundamental 
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frequency detection technique, (b) an acoustic impedance detection technique, (c) a harmonic resonance 
frequency detection technique and (d) a phase detection technique. 

While the above-cited devices and methods can provide reliable information about a fastener, they have 
limitations in use. These techniques rely on averaging techniques to achieve their accuracy. Therefore, they 
are capable of either high accuracy or high measurement rate and are generally used for taking 
measurements before and after tightening. 

What is desired is an Intelligent drive/sense ultrasonic signal circuit for measuring time of flight of pulse- 
echo time with greater accuracy. 

What is secondly desired is ultrasonic signal drive/sense circuitry which achieves both high accuracy 
and high measurement rate and hence Is useful for the control of ultrasonic measured tension during 
tightening. 

What is further desired is ultrasonic signal drive/sense circuitry which does not require an extended 
delay time between transmitted pulses. 

What Is also desired is such drive/sense circuitry which uses a window for detecting an echo pulse and 
which can automatically select an optimum echo detection threshold for detecting an echo pulse. 

What is further desired is such drive/sense circuitry which can automatically adjust the time position 
window for echo detection. 

What is additionally desired is such drive/sense circuitry which automatically adjusts pulse drive voltage 
to compensate for variations in ultrasonic transducer electrical and acoustic efficiency and in fastener 
geometry. 

What is even further desired is such drive/sense circuitry which can operate in an interleaved pulsing 
mode where pulse time is chosen so that echoes from the previous pulses fall outside the time acceptance 
window of the current measurement. 

What Is additionally desired is such drive/sense circuitry which can be adjusted to measure time of 
flight from a pulse to its echo, or from a pulse to Its successive echo (reflections) or from its echo to a 
successive echo of that echo. 

What Is further additionally desired Is such drive/sense circuitry which can operate with pulse repetition 
rates up to 10KHz. 

Summary of the Invention : 

The objects of the present invention are realized in ultrasonic signal drive/sense circuitry, which is 
connectable to a fastener through an ultrasonic transducer, for calculating Instantaneous tension in the 
fastener as measured by change in reflected pulse-times of flight. 

A 16-bit software driven microcontroller sequences and times the operations of circuit components 
peripheral to it; and also provides time of flight calculations, calibration calculations, detection threshold 
calculations, sampling rate calculations and pulse amplitude calculations based on statistical data sampled 
and input thereinto. The selection of a microcontroller is for economy of manufacture and size. The 
microcontroller functions can be implemented by alternate types of circuitry. 

Read only memory (ROM), random access memory (RAM) and an universal asynchronous receiver 
transmitter unit (UART) are each connected to the microcontroller or provided integrated with the microcon- 
troller. 

The microcontroller controls the output level of a high voltage signal generator through the use of pulse 
width modulation and feedback provided by an analog to digital converter. The microcontroller, thereafter, 
generates source pulses from the high voltage signal through the control of pulse drive circuitry interfaced 
thereto by a programmable high speed input/output buffer circuit. These source pulses are applied to a 
fastener through an ultrasonic transducer. 

Received echo pulses, including successive reflections, are sensed from the ultrasonic transducer by a 
tuned pulse amplifier which inturn feeds echo detection circuitry. This echo detection circuitry includes 
programmable thresholding, setable from the microcontroller through a programmable input/output buffer 
circuit as well as, a digital to analog circuit within the echo detection circuitry. 

Timing circuitry using both analog and digital techniques receives detection signals from the echo 
detection circuitry and provides digital timing information as well as two 180 degree out of phase analog 
ramp signals (anti-phase signals) to the microcontroller through the analog to digital converter circuit, the 
programmable input/output buffer circuit and a digital counter. 

The source pulses sent to the ultrasonic transducer exceed 15 volts peak to peak, and are preferably in 
the 15 to 400 volt d.c. range, with pulse widths in the 50 to 100 nanosecond range. Pulse leading edge (fall 
or rise) times are preferably less than 10-20ns. However, these fall or rise times must be less than 100ns 
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when an ultrasonic transducer with a fundamental resonant frequency of 10MHz is used. Pulse periods are 
preferably in the 100 microsecond to 100 millisecond range. 

Recalibration of the analog time measurement circuitry occurs on request. Optimization of the pulse 
voltage and the echo detection circuitry occurs for each fastener prior to tightening. 
6 A time measurement algorithm is implemented in microcontroller software which averages incoming 
signal measurements. This algorithm includes the following steps: 

a) Take and store the first measurement and set an acceptance window at this time +/- the echo 
waveform period (i.e. not echo/echo period) divided by 2. This is 50ns for a 10MHz signal. 

b) Take the remaining (n-1) measurements checking that each lies within the acceptance window. If a 
10 measurement is outside this window, discard the measurement. If a measurement is within the window. 

add It to time-sum and add the modulus of the deviation from the first reading to deviation-sum. 

c) If n divided by 4 measurements are discarded because they are outside the acceptance window, abort 
and restart measurement process. 

d) Calculate the average scatter as deviation-sum divided by (n-1). If this exceeds the specified scatter 
75 limit, abort and restart measurement process. 

e) Calculate the average time of flight time-sum divided by n. 

f) If no valid time of flight measurement has been made when a request for data is received, a fault 
message such as uncoupled, scatter, trigger, will be transmitted. 

The software contained in memory operates the hardware to generate high voltage pulses for an 
20 optimum drive voltage for the environment. The detection threshold for echo detection is likewise program- 
mably set for optimum echo detection- The invention will accept changes to program parameters through 
the UART "port". 

Ultrasonic time of flight is measured using the two anti-phase reference ramp signals; with calibration 
values for generating these ramp signals being periodically re-determined. 
25 The drive/sense circuitry operates in reference to the two anti-phase overlapping ramp signals and to 
two timing pulse trains, one operating at SMHz and the second operating at lOKMz. This enables the 
circuitry to generate and detect ultrasonic pulses at rates as high as lOKHz and measure ultrasonic pulse to 
echo times to a resolution of 200 picoseconds. 

The circuitry utilizes these two anti-phase ramp signals as well as the SMHz and 10MHz clock pulses 
30 (reference pulse trains) to detect the time of flight between the source pulse and the first echo, or between 
pre-selected echoes (e.g. first and third). 

If an interleaving mode of operation Is selected, these operations are conducted according to an 
algorithm which uses this information to provide a subsequent source pulse which is out of phase with the 
echoes, thereby permitting the taking a new measurement of time of flight immediately after completing the 
35 prior measurement. This technique is called "interleaving". 

Description of the Drawings: 

The features, operation and advantages of the present invention will be readily understood from a 
40 reading of the following Detailed Description of the Invention in conjunction with the attached drawings in 
which like numerals refer to like elements and in which: 

Figure 1 is a general block diagram for the drive/sense circuitry; 

Figure 2 is a program flow chart for the Initialization and main program for the programmable 
microcontroller of Figure 1; 

45 Figure 3 shows pulse time plot for regular (repetitive) mode of operation for the drive/sense circuitry and 
a pulse time plot for interleaved mode of operation; 

Rgure 4 shows typical time plots for the 10MHz and SMHz reference signals and the two anti-phase 
ramp signals used in analog interpolation for establishing echo windows; 

Figure 4a shows a plot of calibration timing with respect to anti-phase ramp signals for analog time 
50 interpolation carried out by the circuitry under program instructions; 

Figure 4b shows a plot of sources of error for ramp analog time interpolation which errors are corrected 
for by the circuitry under program instructions; 

Figure 5 shows a time plot of circuit enable signals for echo detection circuit timing for threshold and 
zero crossover; 

55 Rgures 6a-6g are program flow charts for the software subroutines resident in the programmable 

microcontroller of Figures 1 and 7a; and 

Figures 7a-7d show a detailed circuit implementation for the block diagram shown in Figure 1 . 
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Detaiied Description of the Invention: 

The ultrasonic pulse drive/sense circuitry 10 of the present Invention is shown in Figure 1. An operator, 
or other source of input or output data, is provided access to this circuitry through an RS422 Interface port 
11. 

A microcontroller circuit 13 is implemented by a model 87C196KB Intel Corporation microcontroller 
circuit 13. Within this microcontroller circuit 13 is constructed a programmable central processing unit (CPU) 
15. This CPU 15 has a two way connection to a universal asynchronous receiver transmitter (UART) circuit 
17. UART 17 is connected through two way transmission bus 19 to the RS422 port 11, 

CPU 15 has associated therewith, either internally or externally, a programmable read only memory. 
ROM 21 and a programmable random access memory. RAM 23. Resident within ROM 21 is an initialization 
and main software program for controlling the operation of the circuit 10. The RAM 23 is used for storing 
data, program variables, and other program software. 

The microcontroller circuit 13, and specifically the CPU 15, is driven from an external 10MHz oscillator 
25. This oscillator 25 also provides timing pulses to a digital timing circuit to be described below. 

Connected on an output from CPU 15 is a pulse width modulation circuit 27 which receives instruction 
signals from the CPU 15. A digital counter 29 receives count pulses from the circuitry described below and 
inputs this count into the CPU 15, An analog/digital converter circuit 31 receives analog signals from 
circuitry described below and converts these into digital input signals sent to the CPU 15. while a 
programmable Input/output circuit 33 provides a two way interface between the circuitry described below 
and the CPU 15. 

A switching control signal 35. from the pulse width modulator 27. is sent to a high voltage generator 37 
which generates a d.c. voltage variable from 15 volts d.c. to 400 volts d.c. A status line 39 is connected 
from the output of the high voltage generator 37 to the CPU 15 through the A/D converter 31. The output 
from the high voltage generator 37 is also connected to a pulse drive circuit 41 . 

Pulse drive circuit 41 is operated under control signals 43 provided to it from the CPU 15 through the 
programmable I/O circuit 33. Pulse drive circuit 41 provides the source (or drive) pulses through an 
electrical connection 45 to an ultrasonic transducer 47 positioned on a fastener 49. The ultrasonic 
transducer 47 is a bi-directional device, therefore reflection pulses (echoes) likewise appear on the line 45. 

A tuned pulse amplifier circuit 51 senses the echoes or reflection pulses on the line 45, as well as the 
source pulses on that line, and provides an amplified signal to an echo detection circuit 53. 

Echo detection circuit 53 has threshold values and sampling times (windows) programmably set by 
instructions and sent via a parallel connection 55 from the CPU 15 via the I/O circuit 33. A first output 57 
from the echo detection circuit 53 is connected as an input into a ramp generator circuit 59. A second 
output 61 from the echo detection circuit 53 is connected as an input into a digital timing circuit 63. The 
ramp generator circuit 59 and the digital timing circuit 63 form an analog/digital timing circuit 65. 

The ramp generator circuit 59 provides two outputs, on their own dedicated connection lines, the first 
being a first ramp signal 67 and the second being a second ramp signal 69. The ramp signals 67, 69 are 
connected into the CPU 15 through the A/D converter circuit 31. As was made reference above, the digital 
timing circuit 63 is connected to the oscillator 25 and receives 10MHz timing pulses therefrom. The digital 
timing circuit 63 has a bi-directional connection 71, 73 with the CPU 15 through the programmable I/O 
circuit 33. 

Contained within the memory associated with the central processing unit 15 is an initialization and main 
program computer software which is represented by the program flow chart 76 of Figure 2. When the 
circuitry 10 of Figure 1 Is powered-up, It automatically goes through a reset sequence 77. Thereafter, the 
microprocessor 15 has its internal registers initialized, step 79. Next, default echo detection parameters are 
loaded 81 into the registers of the microcontroller circuit. Following this, the circuitry goes through a ramp 
calibration routine 83. Here the software routine described below In connection with Rgure 6e Is conducted. 

After this step, the internal timers within the microcontroller are initialized, step 85. Thereafter, the high 
voltage level is set. step 87. Following this, the software filter circuitry is initialized, step 89. Thereafter, a 
reset sequence complete message is sent out of the serial port 11, step 91. Then the serial port receive 
buffer is checked for instructions, step 93. This completes the initialization portion of the program shown in 
Figure 2. The various circuit components and program components recited will be discussed further below. 

Next, the software directs the circuitry 10 into the main program loop which continuously loops around 
until the power is removed from the circuitry 10. 

The first step in the main program loop is to check whether the receiver buffer is empty, step 95. If it is 
not empty, the registers are checked for a request for either time/scatter data or new parameter values. If a 
new parameter value or command is requested, the new parameter value or command is loaded into the 
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microcontroller 13 circuitry, step 99. If, in step 97, time/scatter data is requested, this tinne/scatter data is 
output to the circuitry in step 101. 

if the receiver is empty in step 95, or after the steps 99, 101 are performed, the circuitry looks to 
determine whether optimization of pulse level and echo detection threshold level Is selected, step 103. If 

5 there Is no such selection, the circuit registers are interrogated, step 105, to determine whether a pulse- 
echo or an echo-echo tinning mode is selected. If an echo-echo timing mode is selected, the circuitry is 
interrogated to determine whether a first echo or a second echo has been designated, step 107. If a first 
echo has been designated, then first echo window times and output of first echo threshold data is loaded 
into the circuitry in step 109. If a second echo has been determined to be designated by step 107, the 

70 second echo window times and output second echo threshold data are loaded into the circuitry in step 111. 
On the other hand, if as a result of interrogation step 105, a pulse-echo mode has been selected, the 
echo detection window times and output threshold data for this mode are loaded into the circuitry in step 
113. 

In interrogation step 103. if it has been determined that pulse level and echo detection threshold levels 

75 have been selected, then the program in step 115 is directed into high voltage pulse level optimization. This 
is a program routine described further in connection with Figure 6b below. Following the operation of this 
routine of Figure 6b. the program returns to the direction step 117 where In it goes to a threshold 
optimization routine described below in connection with Figure 6c. Following the performance of this routine, 
the program returns to interrogation step 1 05. 

20 Upon the completion of any of the steps 109, 111 or 113, the program is directed back to interrogation 
step 95 where the receiver is interrogated to determine if it is empty. This portion of the program continues 
to loop, indefinitely, until the power is removed from the circuitry 10. 

The main concern of the circuitry 10 Is the measurement of longitudinal tension applied to the fastener 
49 during tightening. It has been previously determined by empirical data that as the fastener 49 is 

25 tightened and the longitudinal tension thereon increases, the time of flight of an echo, i.e. the elapsed time 
between the application of a source/drive pulse to the head of the fastener 49 through the ultrasonic 
transducer 47 and the receiving of the reflection from the end of the fastener, i.e. the echo, is the time of 
flight of that pulse. Moreover, as the fastener 49 goes through incremental changes in length with 
incremental changes In tightening, the successive measurement of time of flight changes. 

30 Figure 3 shows pulse time plots for regular (repetitive) mode of operation for the drive sense circuitry 
10 and a pulse time plot for an interleaved mode of operation for this circuitry 10. The repetitive mode 119 
operates with a plurality of pulses that are separated by a time period Ta. This time period Ta Is preferably 
greater than 10T, where T is the time of flight for an echo. This period between source/drive pulses allows 
echoes to subside so that successive reflections do not coincide with other echoes to give false readings. A 

35 time of flight for a four inch bolt is typically about 35 microseconds. 

In the repetitive mode 119 a first source/drive pulse 123 is applied to the ultrasonic transducer 47 and 
the time of flight TOF Is measured to the first echo 125. This time of flight 131 is then stored in the circuitry 
of the microcontroller 13. 

As part of this measurement, an acceptance window 133 is established for the echo 125. This 
40 acceptance window determines when the circuitry begins to look for the echo at time To and when it stops 
looking for the echo at time Ti . Once the recessive echoes from source/drive pulse 123 subside sufficiently, 
i.e. at the tenth echo, a second source/drive pulse 129 is applied to the ultrasonic transducer 47. 

In the interleaved mode of operation 121, successive source/drive pulses are not applied to the 
ultrasonic transducer 47 on regular intervals established at 10T. i.e. beyond the tenth echo of the 
45 predecessor pulse. In the interleaved mode of operation 121, successive source/drive pulses are generated 
to the transducer 47 and interleaved between pnmary reflections of the predecessor source/drive pulse. 
This interleaving takes into consideration the instantaneous position of dominant echoes from predecessor 
pulse source/drive pulses and places new source/drive pulses on a time scale in-between these echoes so 
as not to create a coincidence of reflections, i.e. echoes from predecessor pulses coinciding so that a false 
50 reading is obtained. 

In any given instance of time, the time placement of an echo can be statistically determined. This time 
placement of the expected occurrence of an echo, whether that echo be the first echo, the second echo, the 
third echo, or on through the tenth echo, is reasonably statistically determinable. 

In the interleave mode of operation 121, a first source/drive pulse 137 generates a first echo 135 which 
55 occurs at a time of flight T 131' which would be the same time of flight for the repetitive mode 119. An 
elapsed time period is calculated for each new source/drive pulse generated in the interleaved mode 121. 
This period Ta' establishes when a second source/drive pulse 143 is applied to the ultrasonic transducer 47. 
This second source/drive pulse 143 creates its first echo 139 which occurs at interleaved times with echoes 
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138, 142 and 145 from the first source/drive pulse 137. 

Again, in the second cycle, the time of flight 131' between the primary echo 139 and the source/drive 
pulse 143 is the measurement being made. This process is repeated for successive cycles. 

In the third cycle, a source/drive pulse is applied in-between the echoes of the two previous pulses, for 
5 example, before the occurrence of the fifth echo 149 from the first source/drive pulse 137 and the third echo 
151 from the second source/drive pulse 143. The time of flight 131' between the first echo 153 and the third 
source/drive pulse 147 is measured. First and second echoes 153, 155 occur in-between further echoes 
from the first and second source/drive pulses 137. 143. This process is repeated for a fourth cycle where a 
fourth source/drive pulse 157 is applied to the ultrasonic transducer 47 prior to the occurrence of additional 
10 echoes from the first, second, and third source/drive pulses 137, 143, 147. 

In the interleaved mode of operation 121, this accounting procedure continues up through ten 
source/drive pulses. As with the repetitive mode 119, echoes beyond the tenth echo of any given 
source/drive pulse have subsided to an amplitude level which is beyond interfering with the accuracy of the 
circuitry, and therefore do not have to be accounted for In the interleaving mode 121 calculations. 
76 While the pulses shown in Figure 3 are positive going pulses, the circuitry can be designed to operate 
on negative going pulses. In fact, the detailed circuitry discussed below in connection with Figures 7a-7d 
operates with negative going pulses. 

Figure 4 shows the 10MHz clock signal 119 provided by the oscillator 25 of Figure 1. This clock signal 
has a period of 100ns and is designated as signal Qo in the time of flight calculation performed within the 
20 CPU 15 of the microcontroller circuit 13. 

The least significant bit (LSB) of the digital counter 29 of Figure 1 flip-flops (changes) at a 5MHz rate. 
The signal indicative of the state of this LSB of digital counter 29 is shown as signal 121 in Figure 4. This 
signal 121 is indicated as symbol T2CLK in the calculation of time of flight carried out by the CPU 15, 

The zero ramp signal 67 of Figure 1 is plotted as ramp plot 123 on Figure 4. Likewise, the one ramp 
25 signal 69 of Figure 1 is plotted as ramp plot 125 on Figure 4. 

A timer enable signal 127 is generated by the CPU 115. This timer enable signal 127 is used by the 
echo detection circuit 53 of Figure 1 in detecting echoes, and in particular in enabling echo detection 
windows such as those illustrated in Figure 3. Also shown in Rgure 4 are the numeric state of the three 
least significant bits of the digital time count, for successive times along the 10MHz and SMHz reference 
30 signals. The timer enable signal 129 goes positive when the counter state is "001". This occurs on the 
falling edge of the 10MHz clock signal 119. 

The time of flight calculation performed within CPU 15 is as follows: 

T = (digital time) + (analog time) 

35 

Where analog time Is a fraction of the digital timing period. More specifically: 

T = ((2 X T2CLK count + Qo) + (A - L)/(H - L)) x 100ns 

40 Where A is the ramp amplitude at the end of the timing period and L and H are predetermined ramp 
calibration values. LO and HO, respectively when using ramp 0 to calculate analog time; and LI and HI. 
respectively, when using ramp 1 to calculate analog time. 

Figure 4a illustrates calibration of analog timing ramps 67. 69. Figure 1 . Shown is the least significant bit 
(LSB) 121 of digital timing circuit 63 and the first ramp (ramp 0) signal 123 and the second ramp (ramp 1) 
45 signal 125. all of which are set running and remain so until operated upon. 

A first calibration stop "time" 131 is generated producing a stop near the beginning of ramp 1. signal 
125, and near the end of ramp 0. signal 123. 

A second calibration stop "time" 133 is generated producing a stop near end of ramp 1, signal 125. and 
near the beginning of ramp 0. signal 123. 
so These first and second stop "times" 131. 133 are precisely 100ns apart. 

At the two stop "times" 131, 133 each ramp value of ramps 123, 125 is read. These readings provide 
four calibration data points, HO. LI, HI, LO, which are used in the analog time scaling calculations recited 
above and further described below. 

Figure 4b shows that in generating the analog timing ramps, one of which is shown as sawtooth wave 
55 139. certain sources of error occur. These en-ors therefore contribute to ramp analog time interpolation 
errors. These errors include overshoot, finite flyback time and none-return-to zero. These errors are typical 
of high speed analog circuitry. The circuitry of the present invention is designed to compensate for these 
sources of error which naturally occur in analog circuitry through a calibration technique on request. 
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The echo detection circuit 53 of Figure 1 places a "window" at a proper time position for lool<ing for a 
particular echo. The echo detection circuit 53 has within it program registers for establishing the time- 
position of this "window". 

The pulse level optimization software program, mentioned above and described below, establishes the 
5 amplitude of a source/drive pulse which therefore establishes the signal level of the first echo from that 
pulse and each successive echo thereof, Figures 3, 5. 

The threshold optimization software program, mentioned above and described below, identifies and 
establishes the amplitude of the largest face of exposure 141. Figure 5, of the echo. It also establishes the 
signal level for the positive threshold 143 or the negative threshold 145 for detecting the principal lobe 
10 (phase) 147 of a particular echo. 

The threshold crossover point 149 for positive threshold, or 151 for negative threshold, is used to arm a 
timer stop circuit of the echo detection circuit 53. Threshold crossover is the point where an echo waveform 
crosses an established threshold level. 

A stop signal 160 Is generated at a predetermined zero crossover of the echo waveform following the 
76 threshold crossover point 149 used to arm the timer circuitry. Preferably, this Is the very next zero 
crossover following the particular threshold crossover point 149 used to arm the timer stop circuitry. 

The advantage to timing to a zero crossing rather than to a threshold value, as was previously done, is 
to eliminate the effect of echo signal variations and electrical and ultrasonic noise on time of flight 
measurements during tightening. 
20 The stop circuitry arming signal 153. 157 and timer enable signal 127 for positive threshold detection or 
for negative threshold detection are also shown in Figure 5. 

The operational features illustrated in Figures 3, 4, 4a and Figure 5 are carried out within the circuitry 10 
under the direction of computer software programs. These programs include the echo detection routine 
illustrated by the flow chart of Figure 6a. Once this routine is started, an echo detection window for a 
25 desired time is set, step 159. Following this step, the program directs itself 161, to the pulse level 
optimization routine illustrated by the flow chart shown as Figure 6b. After this routine is conducted, the 
program directs itself 163, to the threshold optimization routine illustrated by the flow chart in Figure 6c. 

Once this threshold optimization is completed, the Initialization of the echo detection routine is 
completed and the program pulses the high voltage supply, starts the digital timer and enables the ramp 
30 generator circuit, step 165. Thereafter the echo detector circuit is enabled, 167. Following this step an 
interrogation Is made to determine whether an echo is received or a time out exists, 169. A time out is an 
absence of an echo. This step 169 is continually repeated until there is a reception or time out. 

When there is a reception, the echo detector is disabled, the digital timer is stopped and the ramp 
generator is stopped and held at its current level, step 171, Thereafter the digital time Is stored and the 
35 timer lowest significant bit polarity is measured, step 173. 

Thereafter, a measurement of the relevant ramp level dependent on the timer lowest significant bit 
polarity Is made, 175. Next, analog time is computed 177, and thereafter, analog time is added to digital 
time 179. This summation value is stored as time of flight 181 and the program routine is exited thereafter. 
The pulse level optimization software program is illustrated in the flow chart shown as Figure 6b. When 
40 the program is started, the first step is to set the echo detection window for a required echo 183. Next, the 
high voltage generator is set to its peak level 185. The peak level of this high voltage generator is typically 
between 300 and 400 volts d.c. 

Following this step 185, the detection threshold for the echo detector is set to approximately 1 volt, step 
187. After this, the program waits for the next pulse echo cycle 189. 
45 An interrogation is made for a valid detection of an echo or a time out 191. If a time out is received a 
signal indicating a bad bolt or no bolt signal, i.e. bad transducer or bad transducer connections, is sent to 
the operator via the RS422 interface port 11, Rgure 1, step 193. 

If an echo is received in step 191, the high voltage level for the generator is reduced, step 195. Then, 
the program waits for the next pulse echo cycle, step 197. With this next pulse echo cycle, the program 
50 looks for a valid echo detection or a time out 199. If an echo Is received, the program loops back to 
reducing the high voltage level, step 195. This loop continues until a time out is received in step 199. 

When a time out is received as a function of interrogation step 199, the high voltage level is 
incrementally increased, step 201, and that new level is stored as the optimum high voltage level value, 
step 203. Thereafter, the routine ends. 
55 A threshold optimization routine, implemented in program software, is illustrated in Figure 6c as a flow 
chart. Here, once the routine has started an echo detection window for the required echo is set, step 205. 
Then a low threshold value approximately 1 volt and a running counter and max. counter value are set to 0 
step 207. Following that step 207, the program waits for the next pulse/echo cycle, step 209. 
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Upon the next pulse/echo cycle the routine nneasures echo time of flight step 211, and then stores time 
of flight and current threshold value and increments the running counter, step 213. Following this step 213, 
the threshold value is incremented, step 21 5. 

Next the routine inquires whether the threshold value is greater than the high limit, typically 4.1 volts, 
5 step 217. If the threshold value Is above the high limit value, then a calculation of optimum threshold equal 
to the MAX__THRES register value plus the MAX_COUNT • register value, this second quantity being 
divided by 2. is calcuiated, step 219. Following this calculation, the routine exits. 

However, if the threshold value does not exceed the high limit in step 217, the program continues to 
wait for the next pulse/echo cycle, step 221 . Upon the next pulse/echo cycle, the routine measures the time 
10 of flight of that echo, step 223. Once this time of flight is calculated, it is compared In step 225 with the 
previous time of flight value stored. If the new time of flight calculated in step 223 does in fact compare with 
the previous stored time of flight value in step 225. then the counter is Incremented, step 227 and the 
routine thereafter loops back to increment the threshold value by repeating step 215. 

If the new time of flight is different from the previously stored time of flight as determined by step 225. 
75 then the running counter value and threshold value previously stored are now stored in the microcontroller 
circuit, step 229. Next, the running counter value is interrogated to determine whether it is greater than the 
max. counter value, step 231. If this is so, then the counter value in the max. counter and the associated 
threshold value in the max. threshold register are stored, step 233. Following this step 233. or if the counter 
value does not exceed the max counter value, the routine operates to zero the running counter, step 235 
20 and to loop back into the routine to wait for the next pulse/echo cycle at step 209. 

Echo to echo detection, as illustrated in Figure 3, is conducted by program software illustrated by the 
flow chart shown in Rgure 6d. Once this routine starts, echo detection times for the first echo are loaded, 
step 237. Then the routine directs itself to pulse level optimization for this first echo and exits to the routine 
of Figure 6b, step 239. Following the performance of this other routine, the program then directs itself to 
26 threshold optimization for the first echo, step 241, and exits to the routine illustrated In Figure 6c. After the 
operation of this program routine. Figure 6c the echo to echo detection routine continues with the loading of 
detection times for a second echo, step 243. 

Thereafter, the routine directs itself to call the threshold optimization routine of Figure 6c, step 245. 
Once this threshold optimization routine is performed for the second echo, this routine again loads echo 
30 detection times for the first echo, step 247. 

Having done this step 247 the routine directs itself to the echo detection routine Figure 6a, step 249. 
After the echo detection routine is completed, this routine continues and loads echo detection times for a 
second time for the second echo, step 251. Then, again, the routine goes to echo detection for this second 
echo, this being the routine of Figure 6a. Having completed this, this routine then calculates echo to echo 
35 time of flight which equals the time of flight of the second echo minus the time of flight of the first echo, 
step 253. Having done this step 253, interrogation is made as to whether a repeat Is required, step 255. The 
program loops back to step 247 until othenwise directed. 

Ramp calibration is carried out by a program routine illustrated by the flow chart of Figure 6e. When 
this routine Is called, a loop counter is set to the number 64 and the LO, HO, LI and HI registers are set to 
40 0, step 257. Following this step 257, the loop counter count is set to the present count plus 1 , step 259. 
Further, as part of this step 259. the HI value and the LO value are selected for measurement. 

Following this step, the timer and ramp generation operations are started 261. Then the timer lowest 
significant bit (LSB) low stop is selected, step 263. Thereafter, a ramp stop signal is generated 265, 

Next, an HI level Is measured and added to the running total in the HI register, step 267. Following 
4S this, the LO level is measured and added to its running total. 269. Then, the timer is cleared and the HO 
value and the LI value is selected for measurement, step 271. With these values, the timer and ramp 
generation is again started 273. Thereafter, the timer lowest significant bit (LSB) high stop is selected 275. 

After this step 275. a ramp stop signal Is again generated 277. Thereafter a HO level is selected and 
added to its running total 279. Following this, the LI level is measured and added to its running total. 281. 
so Following this last step 281, the program interrogates if loop count is equal to 64, step 283. If it is not 
equal to 64 then the program loops back to step 259 wherein the loop count Is set to the present count plus 
1 and the remaining processing steps are repeated. If the loop count is equal to 64, then the program 
divides the LO, LI, HO and H1 values each by 64, step 285 and thereafter calculates and stores the 
following values: HO minus LO and Hi minus L1, step 287. After this calculation is complete the routine is 
55 exited. 

Analog interpolation of ramp level is carried out by a software routine illustrated by the flow chart of 
Rgure 6f. When this routine is called, the ramp level is measured and set equal to A. step 289. Then the 
timer lowest significant bit (LSB) polarity is determined 291. If the polarity is "0" (a low), the H register is 
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set equal to HO, L register is set equal to LO and the value H minus L is calculated equal to HO minus LO, 
step 293. 

In step 291. if the timer lowest significant bit (LSB) polarity is a "1 " (high), the H register is set equal to 
H1, the L register is set equal to L1, and H minus L is calculated equal to H1 minus L1, step 299. 
5 We now calculate the analog time, "T", according to the formula: T = A-L/H-L, step 297. This is then 
scaled so that one (1) count is equal to 0.1 nanoseconds, step 303. 

Also shown in Figure 6f is the 10MHz clock pulse 313 having a pulse width of 100ns, the ramp 315 and 
the timer stop signal 317. The timer stop signal 317 is represented by the falling edge 317a which occurs 
according to the equation values recited above. 
10 The software resident in the invention also performs digital averaging and filtering according to a 
program routine illustrated by the flow chart of Rgure 6g. Here the value "A" equals the number of samples 
to average; the value "T" equals the current time of flight (TOF); the value "I" equals the initial TOP of the 
"A" samples; and the value "R" is the running total of values. 

Once this routine is initiated, its first step 319 Is to determine if a sample value read is a first of a set. If 
75 this sample is the first of a set then the routine ends. If it is not the first of a set then an interrogation is 
made to determine if T is within plus or minus 50ns of 1, step 321. If it is not, a discard counter is 
incremented 323 and then an interrogation, step 325, is made to determine if the number of discards is 
equal to or greater than A divided by 4. 

If this number is not greater than A divided by 4 then the routine ends. If it Is greater than 4. an abort 
20 counter is incremented, other registers are cleared and a new cycle flag is set, step 327. After step 327 Is 
performed the routine ends. 

Referring back to step 321, if it is determined that T is indeed within plus or minus 50ns of I, then the 
absolute difference from I is measured and added to the running total of differences, step 329, Following 
this step of 329. the value T is added to R, step 331 . Then, an interrogation is made, step 333, to determine 
26 if the current number of samples equals A. If it does not, then the routine ends. If it does, then the average 
absolute deviation of samples is calculated 335. After this calculation step 335, the value R divided by A 
equal to an average time of flight is calculated, step 337, 

Step 337 provides an average value for readings of time of flight. Following this step 337, an 
interrogation of the value of the average deviation is made to determine if it exceeds a predetermined limit, 
30 Step 339. If the average deviation exceeds the limit allowable, then the abort counter Is incremented and the 
registers are cleared and a new cycle flag is set 341 . Following this step 341 the program exits the routine. 

If in interrogation step 339 the average deviation calculated does not exceed the limit, then the new 
average time of flight is stored and a new valid time of flight flag is set as well as a new cycle flag being 
set. step 343. Thereafter, the program exits the routine. 
35 Software code for the program of the flow charts shown in Figure 2 and in Figures 6a-6g can be seen in 
Table 1, 

The circuitry shown in Figure 1 can be further implemented as shown in Rgures 7a-7d. Referring to 
Figure 7a. the microcontroller circuit 13 of Figure 1 including its CPU 15 and attendant peripheral 
components 17, 21, 23, 27. 29, 31 and 33 can be implemented on board the Intel Corporation model 

40 87C196 LSI (large scale integration) chip 345. A reset circuit 347, principally comprising a switch 349 and a 
pair of serially connected inverter amplifiers 351, 353 is connected into the reset pin of the chip 345. 

An RS422 serial interface module 355 Is connected between an RS422 interface bus 357 and 
appropriate pins of the chip 345. It should be stated that the chip 345 is connected according to the manual 
supplied by the manufacturer for the functions desired. 

45 The chip 345 includes a timer clear connection 359 to the circuitry of Figure 7c, a pulse width 
modulation connection 361 and a high voltage signal circuit connection 363 to the high voltage generator 
circuit of Figure 7d, Further connections from the chip 345 Include a power supply connection 366 to the 
circuitry of Figure 7d and an echo detection threshold byte connection 367 to the echo detection circuit 
shown in Figure 7b. 

50 A pulse trigger signal 369 from the chip 345 is passed on to the pulse drive circuit of Figure 7b after 
passing through an invertor amplifier 371. A plurality of signals Including timer start echo detection and 
calibration signals are connected via a bus 373 from the chip 345 to the digital timer circuitry shown In 
Rgure 7c. 

As seen from Figure 7a, not all of the digital 1/0 terminals of chip 345 are utilized. A portion of these 
55 terminals are connected to a resistor bank 375 and to a digital counter circuit 377. This digital counter 
circuit 377 has Its overflow bit "anded" with an echo detection signal from the chip 345 In an AND gate 379. 
The output 381 from AND gate 379 is sent to the echo detection enable circuit of Rgure 7b. 

Rgure 7b shows an implementation for the echo detection circuit 53 of Figure 1 , the pulse drive circuit 
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41 of Figure 1 and the tuned pulse amplifier 51 of Figure 1. The output 381 from Figure 7a is an echo 
detect enable signal which is input to a JK-type flip-flop 383, The bus circuit connection 367. comprising the 
echo detection threshold byte, is Input Into a digital to analog convertor circuit 385. The output from this 
converter circuitry 385 provides a threshold signal input to a first comparator circuit 387. This first 
5 comparator circuit 387 Is matched with a second or referenced comparator circuit 389 which has its input as 
the echo pulse detected from the ultrasonic transducer 47 and then amplified through the tuned amplifier 
51. 

The outputs from the comparators 387, 389 are connected through two parallel circuits each comprising 
various connections of these to input NAND gates 391. 393, AND gate 395, NAND gates 391a. 393a, AND 
10 gate 395a, respectively. These two parallel NAND/AND gate paths are cross-connected on a corresponding 
input of each NAND/AND gate as shown In Figure 7b. 

Each circuit leg output AND gate 395, 395a has one of its inputs connected directly from its own 
respective comparator 387 output through a respective RC filter 397, 397a. The output from the AND gate 
395 is the positive threshold trigger signal 399. while the output from the AND gate 395a is the negative 
76 threshold trigger signal 399a. These two signals 399, 399a are "or'ed" through OR gate 401 to clock the JK 
flip-flop 383. 

JK flip-flop 383 is reset by the timer start signal 403 which is one of the bits in the signal bus 373 from 
chip 345 of Figure 7a. The inverse output terminal of the JK flip-flop 383 is connected to an AND gate 405. 
This AND gate 405 has its second Input connected to receive a timer start signal 403. The output from this 
20 AND gate 405 is the pulse/echo timer enable signal 407 which is connected back to the chip 345 of Figure 
7a. Pulse/echo timer enable 407 is also connected to an input of AND gate 475 of the digital timing circuit 
as shown in Figure 7c, 

Pulse drive circuit 41 shown on Figure 7b receives the trigger pulse signal 369 from Figure 7a. This 
pulse signal 369 is A.C, coupled to a pulse drive circuit 413 through a RC-diode circuit 409. The RC-diode 

25 circuit 409 output is input into a pulse drive circuit 413. The output from the pulse drive circuit 413 triggers 
a field effect transistor switching circuit 415. This field effect transistor switching circuit 415 is powered from 
the high voltage supply 417 provided as an output from the high voltage generator 37 of Figure 1. This 
provides a high voltage spike which becomes the source/drive pulse 419 after it is shaped through another 
filter and diode clamping circuit 421. This source/drive pulse 419 is sent to the ultrasonic transducer 47. 

30 The echo from the ultrasonic transducer circuit 47 is Input to the tuned amplifier circuit 51 implemented 
as shown in Figure 7b. The echo 423 is first passed through an RC-diode clamping circuit 425; and then 
passed through a tuned amplifier circuit 427 which Is tuned according to standard specifications to the 
median resident frequency of the reflected waves (echoes) for the ultrasonic transducer 47 connected the 
bolt 49 under examination. The output from this tuned amplifier 427 is passed through a second amplifier 

35 circuit 429 to provide an output signal 431 which is a cleaned up version of the original echo signal 423 
without the attendant noise and clutter on that original echo signal 423. The output echo signal 431 Is 
connected to the echo detection circuit 53 inputs to its paired comparators 387, 389, Rgure 7b. 

A calibration QO stop select signal 433. Figure 7c, a timer clear signal 435. a calibration "not" QO stop 
select signal 437, a calibration mode stop enable signal 439 and an external clock signal 441 are all 

40 received by the digital timing circuit 63 of Rgure 7c from the bus 373 shown on Figure 7a. 

The input signal 433 is connected to an AND gate 443 while the input signal for the timer clear 435 is 
connected to a 5MHz and lowest significant bit (LSB) counter 445. The input signal 437 for calibrate inverse 
stop select is connected to another AND gate 447. The external clock signal 441 is passed through an 
Inverter amplifier 449 to both inputs of an OR circuit 451. The output of amplifier 449 becomes a lOMHz 

45 clock signal 453 to the counter 337 of Figure 7a. 

The clock input of the counter 445, Figure 7c, is connected from the output of the OR gate 451 through 
an AND gate 455. AND gate 455 has an RC delay circuit 457 on its input. The output of OR gate 451 is also 
Input to both inputs to another OR gate 459 with an Intermediate delay circuit 461 being In place on the 
inputs of OR gate 459. The output of OR gate 459 becomes a ramp reset clock pulse signal which is sent 

so to two three input AND gates 463 and 467. The outputs of AND gates 463 and 467 are the reset pulses 465 
and 483 which are sent on to the ramp generator circuit 59. 

AND gate 447 also receives an input from a 5MH2 output of the 5MHz and LSB counter 445. This input 
is sent to the AND gate 443 directly and to another AND gate 467 directly and to the AND gate 447 through 
an Inverting amplifier 469. 

65 The output from AND gates 443 and 447 are the first and second clock pulses which are or'd through 
OR gate 471 to the J input of another JK-type flip-flop 473. This JK flip-flop is clocked from the output of 
the inverter amplifier 449 and is reset from the input signal 439. The Inverted output from this flip-flop 473 Is 
input to another AND gate 475. AND gate 475 also receives a pulse echo timer enable signal. 407 of Figure 
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7b. 

The Inverting amplifier 479 has its input connected to the output of the AND gate 475. The signal 
produced by the inverting amplifier 479 is the inverse timer enable signal 477 which is connected to one 
input of the ramp generator circuit 59, shown in detail of Figure 7c. The output from AND gate 467, which is 
5 a reset signal 483. is likewise sent to the ramp generator 59. This reset signal 483 is the "0" state reset 
signal. The "1 " state reset signal 465 is also sent on to the ramp generator circuit 59 of Figure 7c. 

Ramp generator circuit 59 as shown in Figure 7c has two parallel operating legs. The inverse timer 
enable signal 477 is input Into a transistor switching circuit 485, which is then connected to two parallel 
operating sawtooth generators 487, 487a. one in each leg of the ramp generator circuit 59. 
10 The output from the transistor switching circuit 485 is input into a sawtooth generator circuit 487 of the 
first ramp generator side and a second sawtooth generator circuit 487a of the second ramp generator leg. 
The first ramp generator leg 487, 489 provides as an output the "ramp 0" signal 67 shown in Figure 1. while 
the second ramp generator leg 487a, 489a provides the "ramp 1" signal 69 shown in Figure 1. These 
signals 67, 69 are outputs of the respective operational amplifiers 489, 489a- Each of these operational 
75 amplifiers 489, 489a has attendant circuit connections to create the ramp signals 123, 125 shown in Figure 
4 from the sawtooth waves input into each amplifier. The generation of the "ramp 0" signal 67 and the 
"ramp 1 " signal 69 offset to one another is created as a function of the difference in the time occurrence of 
"0" state reset signal 483 and the "1" state reset signal 465. 

The high voltage generator 37 Is shown In Figure 7d. Here a pulse width modulation Input signal 491 
20 and a high voltage output divided by a 100 signal 493 are connected to the microcontroller chip 345 of 
Rgure 7a. Input signal 493 is really a feedbacl< signal from the output of an operational amplifier 495 which 
is sent back to the microcontroller chip 345 to monitor the state of the high voltage generator 37. 

This high voltage generator 37 as shown in Figure 7d is really a semi-regulated power supply which is 
pulsed on and off as a function of the presence of the signal 491 fed to a transistor switch circuit 497. The 
25 transistor switch circuit 497 is connected to the output of an inductor 499 which transforms the voltage into 
the desired output voltage 417 sent to the pulse drive circuit 41 of Figure 7d. In this case, a voltage 
anywhere between 15 volts d.c. and 400 volts d.c. may be selected by microcontroller 345 of Figure 7a. 

A power supply circuit 505 of reasonably standard design. Figure 7d, provides a 5 volt regulated 
voltage 507, a 5 volt reference voltage 509 and an 8 volt reference voltage 511 for use by the rest of the 
30 circuitry. The connection 365 from the chip 345 to the power supply 505 is really a sense line for the chip 
345 to monitor the level of the voltage in 513, this being the external voltage supplied to the invention. This 
is done through a scaling amplifier 515. Each leg of the power supply 505 includes its own individual 
scaling circuit 517. or 517a or 517b to set the voltage 507. 509, 511 output provided. 

35 Functional Operation: 

The functional operation of the Invention takes many factors into consideration. Many different bolt 
49/ultrasonic transducer 47 configurations are possible, thereby demanding a wide range of high voltage 
source pulse level and detector amplifier 51 gain combinations in order to provide consistently valid echo 
40 detection throughout a tightening operation. By designing flexibility into the high voltage generator circuitry 
37, a fixed gain detection amplifier 51 solution is possible. This tends to reduce the complexity of the 
amplifier 51 design. 

High voltage levels are generated by the pulse width modulation driven step-up switching regulator 
(generator 37). The microcontroller chip 345 of Figure 6a internally generates the pulse width modulation 
45 signal and sets the correct duty-cycle for a desired high voltage level which is measured by the chip 345 
(controller 13, Figure 1) with its on board A/D converter. Ultrasonic pulses are generated in the bolt 49 by 
pulsing the transducer 47 with the high voltage level pulses of short duration. 

As previously indicated, the program software determines the optimum voltage level for a particular bolt 
being tightened. The pulse drive circuitry 41 switches on in less than 10ns; and at the pulsing time the 
60 digital timer circuitry 63 Is enabled. The timer circuitry 63 In conjunction with the analog timing circuitry 
provided by ramp generator circuit 59 operates with a resolution of about 200ps. 

This resolution of about 200ps is the resolution attainable by the timing circuitry in a single time of fiight 
measurement. Because of "averaging", the resolution internal to microcontroller 345 is lOOps. 

Echo signals received from the bolt mounted transducer 47 are filtered and amplified by the tuned 
55 amplifier 51 to a level of approximately 3.5 volts, peak to peak. 

Because echo waveforms can vary in amplitude and are subject to electrical and ultrasonic noise during 
tightening, it is preferable to use an echo waveform zero crossover point to generate a stop signal for time 
measurement rather than a threshold point used In state of the art devices. The present invention uses 
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threshold crossover to "arm" the stop circuitry and a following zero crossover detection point to generate a 
stop command (signal). 

In setting the threshold level, the circuitry seeks the location on the echo waveform which is most 
immune to noise and pulse amplitude variations. This point is. typically, in the middle (mid-point) of the 

5 largest "face" (lobe) of an echo waveform. This can generally be a level established as the mid-point value 
between the peak value of the largest lobe and the peak value of the previous lobe. 

The echo detection circuitry 53 will cause an echo returning in a valid time window, which is set by the 
microcontroller software, to generate a stop signal shown in Figures 4 and 5 to the timing circuitry 65 ramp 
generator circuit 59. The echo return time is processed in the program software by the filtering and 

10 averaging routine of Figure 6g to generate a valid "time of flight" (TOF) representing the current bolt 49 
length. This information may be communicated, upon request, through the RS422 serial interface 11. The 
RS422 interface allows for the exchange of data between the invention and various external devices 
including a tightening drive unit. 

Time of flight (TOF) measurement is determined within the microprocessor chip 15 from the digital 

IS count in counter 29. the LSB from digital timing circuit 63, and the analog timing Information from ramp 
generation circuit 59 which create values which are combined to generate TOF as a composite value at 
"stop". The "stop" signal, therefore, establishes a "freeze" on the current state of information from counter 
29, LSB from timing circuit 63, and analog information from ramp generation circuit 59. to determine TOF. 
As a timing resolution of 200ps is required for the invention, a digital counter, such as counter 29, 

20 providing this accuracy would demand a clock frequency of 5GH2. At this frequency it would be necessary 
to use ECL or GaAs integrated circuits which are extremely power hungry, very expensive and require very 
careful mounting and layout in order that they work properly. Such an implementation is not a realistic 
option. Therefore, a technique to provide timing accuracy beyond that available from a straight forward 
digital count is employed. This requires the circuitry to interpolate the time between digital counts. Two anti- 

26 phase ramp signals synchronous with the digital clock 25 is generated. Then the fractional time between 
clock edges Is determined by measuring the height of one of the ramps with an A/D converter as shown In 
Rgures 4a and 6f. The resolution of the Interpolation Is dependent only on the number of bits used In the 
conversion. 

The dual or two phase ramp signals 123. 125, Rgure 4a, are employed so that there Is always a valid 
30 ramp signal for time measurement. At any Instance of time selected, a ramp signal may be chosen from the 
two signals 123, 125 which is not undergoing reset transition and therefore a valid value is obtainable. 

As indicated above, the present invention utilizes four signals, a 10MHz clock 119, a 5MH2 clock 121 
and two anti-phase ramps 123, 125, Figure 4. By using the two ramp signals 123, 125 a linear portion 
between edges of the 5MHz signal 119 is ensured. A digital count is taken from the 5MHz signal 121 shown 
35 in Figure 4 and the polarity of the 5MHz signal is used to decide which of the ramp signals 123, 125 is to 
be used to make an analog measurement. Prior calibration of the ramps. I.e. measurement of the LO. LI , 
HO and H1 values allows for an accurate time interpolation calculation to be made. 

The software shown by the flow charts of Rgures 2 and 6a-6g is held in the internal 8K program 
memory of the microcontroller. This software manages and controls the circuitry 37 associated with high 
40 voltage (HV) generation, the HV pulsing 41 and echo detection 53 circuitry and the analog ramp generation 
circuitry 59. Timers and A/D converters Internal to the microcontroller perform time and voltage level 
measurement functions. 

The software is written In MCS-96 assembly language and is shown in Table 1 below. 
The high voltage pulsing level from generator circuit 37 is generated from an unregulated 12 volt input 
46 supply by a step-up switching regulator circuit. The switching frequency and duty cycle are controlled and 
set by the microcontroller loaded software. 

The microcontroller is operated according to the specifications published by the manufacturer. A pulse 
width modulation (PWM) output at a designated pin is enabled by setting a designated bit of a special 
function register according to manufacturers specifications. A PWM frequency of 9.8 or 19.2KHz can be 
so selected. Similarly the PWM duty cycle is set from 0 to 100% by setting the PWM control bit(s) as stated in 
the manufacturer's specifications. 

By setting the appropriate duty-cycle, a HV level from 15 up to 400 volts d.c. can be set The actual 
scaled HV level Is measured with the microcontroller's 10-bit A/D converter. 

The high speed output (HSO) subsystem of the microcontroller triggers events at specific times with 
55 little software overhead. It consists of six output pins which are set/reset at programmed times relative to 
each other which Implement the following events: 

a. Pulse the HV supply 37; 

b. Start the digital timer (counter) 29; 
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c. Enable ramp generation circuit 59; 

d. Enable echo detection circuit 53; 

e. Disable echo detection circuit 53 and initiate analog ramp voltage level measurement from ramp 
generator circuit 59: 

5 f. Select calibration points on ramps, Figure 4a; and 
g. Initiate measurement of calibration points, Figure 4a. 

A memory map of the 64k address space of the microcontroller Is provided by the manufacturer. The 
87C196KB chip is an EPROM version. It contains 8k of Its own code memory in the section from 2000H to 
4000H in the address space. This memory contains the software. 

10 The microcontroller CPU main components are a register file and a Register/Arithmetic Logic Unit 
(RALU). The RALU does not operate on an accumulator but directly on any of the 256 byte register files 
located in the address space. Locations 18H to FFH contain 232 bytes of internal data memory which is 
accessible to the user in bytes, words, or double words. Locations OOH to 17H are the Special Function 
Registers or SFR*s through which all the I/O and peripherals of the microcontroller are controlled. All 

75 program variables are contained in the top 232 bytes of the register file. 

After performing setup and initialization functions the software program controlling the microcontroller 
follows a looped path shown In Figure 2. 

In the two loop functions performed by the program, the program loads the correct echo detect start 
and end times and echo detection threshold values for the next "pulse-echo" sequence. Any high voltage 

20 level change requests or optimization requests are handled here. This routine sets the parameter values for 
the next pulse-echo sequence. The latter subroutine determines if any serial port Interrupt servicing is 
required and provides the service if so. 

At the initialization stages, a first microcontroller timer is setup to cause a periodic interrupt of the main 
program loop mentioned above. During the servicing of this timer internjpt. the primary function of the 

25 drive/sense module circuit is implemented, i.e. generation of high voltage pulses and measurement of the 
time to the return of an echo. This echo is usually the first echo, but it could be the second or third echo. 

The hardware associated with high voltage level generation as described above. In software, the high 
voltage level is controlled In the routine. The actual high voltage level is monitored on a channel of the 8- 
channel A/D converter within the microcontroller staicture. The measured value Is compared with a target 

30 value contained in a register within the microcontroller. If the actual value is greater than or less then the 
desired value then the pulse width modulation register is decremented or incremented respectfully to alter 
the high voltage level in the appropriate direction. The actual level is then remeasured and compared with 
the target once again and the process is repeated until a level equal to the target level is attained. 

The load on the high voltage supply is largely determined by the high voltage pulse rate. Because this 

35 main load Is pulsed rather than continuous, the change in the high voltage level due to altering the pulse 
width modulation duty cycle is not truly reflected until a number of pulse-echo sequences later. The actual 
number of pulse-echo times necessary to wait before making the subsequent high voltage level measure- 
ment has been found to be dependent on both the high voltage power supply time constant and the high 
voltage pulse rate. Each time the program operates to establish the source/drive pulse level and the HV 

40 level routine is invoked, another routine is called to determine the number of pulse-echo times to wait 
between measurements. As a result, the amount of time necessary to change the HV level is variable and 
dependent on the pulse rate. The circuitry sends a message as soon as the desired level Is attained. 

For pulse-echo measurement, the relevant subroutines are called each time the timer interrupt is 
serviced. It loads the times at which the various hardware events are to occur. When an echo is received or 

45 the echo detect end time is cleared an interrupt is generated. The interrupt service routine loads and stores 
the current digital timer value, determines the timer LSB polarity and measures the appropriate ramp analog 
level. The digital and analog times are stored in work locations of the microprocessor for processing later. 
This routine is also used to measure the ramp levels during a ramp calibration routine. The decision as to 
whether a current execution is for pulse-echo timing or for calibration is made on the polarity of a 

so designated bit of a program flow control register. 

In the main program loop a subroutine checks if a pulse level optimization request has been received. If 
so that routine is called. 

On receipt of an new HV level or optimization request by the serial Interrupt service routine, designated 
bits of a microcontroller register are set. On entering the pulse level optimization routine, these bits are 
55 checked. If set the appropriate routines are called. Before initiating the level optimization routine the HV 
level equal to the maximum level for the type of bolt being tightened Is set. Depending on the type of bolt, 
this parameter could change over a wide range. There is little point in pulsing a short bolt with the same 
voltage as a long bolt as the optimization procedure would simply take longer to complete. 
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On entering this routine the number of pulse-echo times to wait after changing the HV level is 
determined. On confirming that optimization is actually required, a byte is written into the microcontroller to 
set the echo detection threshold to 1 volt. 

At this point the timer contains the coarse time measurement in units of 100ns. Dividing the timer value 
5 by 16 yields a time measurement with a 1.6 microsecond resolution. By comparing the tlme-value/ie with 
the maximum window time, it can be determined If a valid echo was received. If no valid echo is received 
for pulsing at high voltage maximum settings or no bolt is present, the optimization routine terminates. 

On the other hand, if an echo is detected then the pulse width modulation duty cycle is decremented 
and after a sufficient delay the comparison Is made for an echo at the proper window time. This procedure 
10 is repeated until the echo Is lost. The pulse width modulation duty cycle Is then incremented once or twice 
and this level is then considered the 'optimum' high voltage pulse level for the particular bolt, i.e. the 
received echo has an amplitude of approximately 3.5 volts. 

The first task in threshold optimization is to determine If the circuitry Is operating in "pulse-echo" or 
"echo-echo" mode. In the latter case, threshold optimization must be done on each echo. The program 
IS routine for echo detection threshold optimization determines the current timing mode, loads the appropriate 
parameter values and initiates threshold optimization for one or both echoes. 

Two word registers are specifically used by this routine. For each word register the low byte contains a 
count and the high byte contains a threshold value. The first register contains running values and the 
second register contains the 'current* biggest values. On entering the routine these registers are zeroed and 
20 the actual threshold level is set to a low value, approx. = 0.9 volts. 

The next stage involves increasing the threshold value until the echo is first encountered. The 
procedure involves HV pulsing and comparing the current threshold value loaded Into the register with the 
allowed maximum value. If the threshold value held In this register is less than the maximum value it is 
compared with, then the threshold is increased and the pulse-echo time is measured again. When the echo 
26 is first detected the actual TOF is measured and divided by 16 and stored in a register. WINDOW. The 
threshold COUNT is incremented and the current threshold value is stored. The threshold is incremented 
and the TOF/16 Is measured and compared with the time in WINDOW register. If the absolute difference Is 
= < 4 (4 counts = 4 X 16 X lOOps = 6.4ns) then this is taken as the same time as the measurement at the 
previous threshold value. Thereafter, the temporary threshold count value is incremented again. This 
30 process is repeated until the time difference recorded between threshold changes is greater than 4 counts. 
The same procedure is then repeated until the time between successive threshold values differs by more 
than four counts. The threshold level count values are then compared. If the temporary threshold value is 
the greater, it overwrites the stored max. threshold value for both count and threshold values. This 
procedure is repeated until the high threshold limit of approximately 4.1 volts is encountered. At this point 
35 the threshold register contains a threshold value T for which the TOF at that threshold and the count 
number of threshold values above are the same. This is the section of the echo upon which it is desired to 
make TOF readings throughout a tightening. The final task is to determine the midpoint of the band of 
threshold values and to set the threshold at this point. On exit from this routine the optimum threshold value 
is stored. 

40 The basic TOF calculation is performed from the time of the high voltage pulse to the receipt of an 
echo. Echo-echo TOPs are determined by calculating pulse-echo times for both echoes and then 
subtracting. Calculating the TOF is broken into two operations: a digital and an analog measurement, which 
yield coarse and fine time information respectively. Put together these two measurement values provide a 
time measurement with a resolution of lOOps. 

45 On pulsing the high voltage supply, a 2.5MHz clock is gated Into the T2CLK input of the microcontroller 
and the asynchronous analog ramps are generated. On receipt of an echo both the clock and the ramps are 
stopped. 

A microcontroller second timer (No. 2) counts both positive and negative clock transitions so Its 
resolution at this point is 200ns. Depending on the polarity of the LSB counted with a separate digital timing 

so circuit 445 driven by the 10MHz clock an analog measurement is made on either ramp No. 0 or ramp No. 1 
and stored in a time register. The second timer (No. 2) value is then multiplied by 2 and the LSB Is added 
to it to give the coarse time in units of 100ns which is then stored in a word register. 

If the current circuit mode is pulse-echo timing, the routine TOF* is called every cycle. But. if echo- 
echo timing is being performed, the second echo TOF must be measured before calling the TOF routine. 

55 Within TOF* a further routine is called for one or both echoes depending on the timing mode. This second 
routine performs the actual Time of Flight calculation from the high voltage pulse to a particular echo. If the 
circuitry is In echo-echo timing mode, this second routine performs the subtraction of the two pulse-echo 
times to give an echo-echo time. 
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The temporary time calculated is first multiplied by 1000 to convert it to units of 0.1ns and is stored in 
long word register. By examining the polarity of the LSB of the temporary time of flight register a set of 
calibration values for ramp No. O or for ramp No. 1 are selected. The analog time is calculated according to 
the following formula: 

5 

T = (AD_TIME - L)/(H - LriOOO E-10 Seconds 
where 

H = High ramp calc. point 
10 L = Low ramp calc. point 

Since each ramp represents 0.1us or 100ns. a multiplying factor of 1000 converts it to units of 0.1ns or 
100ps. 

As tightening control decisions will be made based on the TOF information provided by the circuitry it is 
important that the circuitry software ensure that only valid data or an informative error message is 

75 transmitted over the serial Interface. To this end the software both filters and averages the raw TOF data as 
determined by the TOF calculation routines. 

The circuitry has the capability to transmit TOF information based on one or averaged over 2. 4, 8, 16, 
32, 64, or 128 pulse-echo time calculations. Prior to permitting a pulse-echo time to be used by the 
averaging algorithm the data is subject to a software filter. On beginning an averaging cycle the first pulse- 

20 echo time is taken as a base value for the number to be averaged which is contained in an average value 
register. Each of the subsequent pulse-echo times is subject to the filtering algorithm until the number 
specified by the average value register has been validated, or if greater than four times this value is 
rejected, the process is aborted and then restarted. 

The echo timing is performed on the echo zero-crossings. The time between two positive going or two 

25 negative going zero-crossings is approximately 100ns. During a tightening, the pulse-echo time is expected 
to increase between successive samples but by nothing like the inter zero-crossing time interval. Thus, if a 
time difference between the base pulse-echo time and one of the next pulse-echo times is of the order of 
100ns or greater It is assumed an error has occurred and that particular reading is rejected. The acceptance 
window is defined as +/- 50ns about the base pulse-echo time. If it is a subsequent pulse-echo time 

30 compared with the base time +/- 50ns is outside this 'time' window, a 'discard' bit is set. 

After filtering a pulse-echo time is processed by the main body of the averaging routine. 
If the discard bit has been set then a discard counter is incremented. The discard counter is compared 
with AVG/4. if it is greater than or equal to AVQ/4. then the current averaging cycle is abandoned and a new 
one begun. This procedure guards against the possibility of the base pulse-echo time being a bad 

35 measurement itself. If the current pulse-echo sample is not discarded then it is added to a stored running 
total. Also another routine determines its absolute deviation from the base time and adds that figure to a 
'deviation' running total. The number of samples added to the running total is then checked, if this number 
is less than AVG then the routine is exited awaiting the next pulse-echo sequence. When the average (AVG) 
number of valid samples have been accumulated then the average deviation and the average TOF are 

40 calculated by dividing the accumulated values by AVG. If the average deviation is greater than a limit then 
the routine is exited otherwise the new average valid TOF is stored. The *new valid TOF' bit is then set. the 
'abort' bit is cleared, the *new ref.' bit is set and all accumulator registers are cleared ready for the next 
averaging cycle. 

Two anti-phase overlapping ramp signals are generated in sympathy with the 10MHz clock. These 
45 ramps are used to resolve the 100ns time interval between the clock transitions. By measuring the ramp 
levels at the clock edges the slope of the ramps can be determined. These points are called ramp 
calibration points. There are four calibration (calc.) points, one high and one low calc. point for each ramp. 
They are referred to as HO, LO, HI and Li. On receipt of an echo the ramps are stopped. The height of the 
ramp in combination with the calc. points allow the time between clock edges to be resolved by the 
50 microcontroller's A/D converter. These calibration points must be measured before performing any TOF 
calculations. Because standard rather than precision components are used in the ramp generation hardware, 
the calculation points should be periodically recalculated to protect against ramp slope changes caused by 
changing ambient conditions or circuit warm-up. A recalibration of the ramps is available on request by 
serial command. 

55 Dedicated hardware is provided to allow the ramps to be stopped at the calibration points but software 
must generate the I/O signals to drive the hardware. Because there are two points on each ramp to be 
measured, calibration is performed in two stages. First LO and HI are measured and then HO and LI. For 
each stage, a routine loads the appropriate commands to start the ramps, selects the particular pair of 
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calibration points, stops the ramps and generates the interrupt, which will record the analog values. 

A routine performs the above measurements sixty four times, accumulates totals, divides by 64 to get 
average calibration values and stores the results. 

Communication to and from the invention is via a serial interface. The microcontroller has a dedicated 
serial port which can operate at baud rates from 4800 bits per second (b.p.s.) up to 307200 b.p.s. with a 
lOMHz crystal. Data is written out to or read from the serial port by writing and reading a special function 
register. An interrupt is generated on reception of a byte or on the completion of the transmission of a byte. 
Using these interrupts, serial handler routines can be written which minimize the processing overhead. 

The serial handler routine Is on the front end of the serial processing software. It is the routine which 
receives bytes and places them in a receive buffer and under instruction transmits a multi-byte message 
from a transmit buffer until it comes across an end of transmission. 

On entry the interrupt bit is checked. If set. framing and overrun error bits are checked. If there are no 
errors, the byte is stored in the next location in the receive buffer and the buffer pointer is incremented. A 
receive buffer pointer points to the next free location In the buffer memory area. The pointer value is 
compared with the buffer end address and if equal the buffer pointer Is loaded with the address of the start 
of the that buffer. If a reception error is detected then a 'retransmit' message is sent 

A subroutine in the main program loop checks if any serial processing is required. Except for a two byte 
transmission on power-up/reset, ail communication from the circuitry to outside peripherals is in response to 
a request from that peripheral. Such requests are in the form of one or two byte messages and are stored 
In the buffer transmission. 
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TABLE 1 

CPVTZBT mOWUE MAXH^ STACKSZrE (»D) 
$ ZNCUIDE (D:\SCEX9e\A8M»6\80»6.ZNC) 



^ ZOPORTd EOU XrrEH:ByTE fH/W 

IOP0KT4 EOU irrFH.-BYTE fK/W 

CR EOU ODH 

1-T ECU ©AH 

BTX EOU OFFH 

;o FULSETJH EQU 04 H 

TIWSTIM EQU 02 H 

HJTHLIM ECU OrOH 

LOTHLIM EQU 3 OH 

STEP EQU OIH 

TIME EQU aSOH 

75 TlMEl EQU 15 OH 

TIME2 EQU 9D0H 



20 iKegister Definitions 

RS£G AT 2 OH 

AD_TJME: DSh 1 

AD_TIMEia: DSL 1 

AD_TIKER2: DSL 1 

^® TIMFLT: DSL 1 

TIKFLTRl: DSL 1 

TIMFLTR2: DSL 1 

ATIMFLT: DSL 1 

BTIMFLT: DSL 1 

30 CTIMFLT: DSL 1 

PTIMFLT: DSL 1 

XTIKFLT: DSL 1 

DIVREG: DSL 1 

DZV^SUK: DSW 1 

TPTR: DSW 1 

35 TPTRRl: DSW 1 

TPTRR2 : DSW 1 

1^0: DSW I 

LI : DSW 1 

HO: DSW 1 

HI : DSW 1 

^ H0_L.O: DSW 1 

H3_L1: DSW 1 

TEMP: DSW 1 

DLYCNT: DSW 1 

EDST: DSW 1 

45 EDET: DSW • 1 

SERB ITS: DSW 1 

BERTEMP: DSW 1 

TEMPTX_PTR: DSW 1 

XMIT BUF PTR: DSW 2 

RCV BUF FTR: DSW X 

so HVHAX: * DSW 1 

ABDR CTRI DSW 1 
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t>CV SCAT: DSH 

VZN^Wt DSW 

Dirr: DSW 

STEKP: DSW 

THRES t DSW 

HlXVEhX DSW 

Pl)L RATE: DSW 

XPLlER: DSW 

EDSTJ : D5B 

EDST2: DSB 

PHMCON: DSB 

TEMPA: DSB 

SCOP: DSB 



C6EG AT 20 DAN 

DCW EOFTIMZ BVC 

DCW SER.HANDLCR 

CSEG AT 2018H 
CCR: DCB OFDH 



BCSXN: 



RT: 



CSEG AT 2 OB OH 
I«DB MODE, to IH 

LDB AV6,f20H 
LDB AVGCTR.AVG 
BR BEGIN 



UNCOUPLD! 
*rr_HEW: 
WT ABR: 
SCXTERR: 
END MSG: 



DCB •UNCUPL.D' ,CR,ETX 

DCB • KT NEW • , CR , ETX 

DCB »WT ABRT',CR,ETX 

DCB • S CATTER • , CR , ETX 

DCB CR,LF,ETX 



CSEG AT 2 22 OH 
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•MXTN 




t.r> 


SP.I6TACK 




CALL 


6ERINIT 




CALL 


PULINIT 




EI 






CALL 


CALHSO 




CALL 


TIMINIT 




CALL 


XjOC 




CALL 


SETHV 




CALL 


DELAY 




CALL 


FJLTIW2T 




ORB 


1NT_I1ASK,<4 0H 




LDB 


TEMPB, f OBH 




CALL 


CON r IRK 


HERE: 


CALL 


CONTROL 




CALL 


CXRX 




BR 


HERE 


SOFTlME_SVC : 


PUSHA 






ANDB 


1NT_MASK, fODFH 




LDB 


HSO_COMMAND, f 3BH 




ADD 


KSO TIH£,TIH£R1#P1 




CALL 


PULSE 










CKPB 


XBITS . iOOH 




BNE 


KOCALC 




CALL 


TOF 




CALL 


AVER 


NOCALC: 


POPA 
RET 




HODESET: 








SBS 


BITS , 2 « EET^BITS 

kode, ff boh 




CnPB 




BE 


RINGS 




CKPB 


KODE, f Bin 




BE 


RINGS 




ANDB 


XBITS , t OFEH 




BR 


EXMODE 


RINGS: 


BBS 


XBITS, 0,LDR2 




laU 


TPTRKI » TFTR 




LD 


AD TIMER 1 , AD TIKE 




BK 


TOGLE ~ 


I<DR2 : 


LiD 


TPTRK2 , TPTR 




LD 


AD TIMER2,AD TIKE 


TOGLE: 


INCB 


XBITS ~ 




ANDB 


XBITS, «01H 




BR 


EXMODE 


EETX6IT5: 


LDB 


XBITS,! OIH 


EXMODE: 


RET 
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rjLTXNJTt 



rxriLiN: 

DELAY: 
LPL: 

EXDLY: 
PUI££ LEV: 



HETRY: 



LPT; 



STOPT: 



GHY: 

EXPUL LEV: 



ORB 

»BS 

CALL 

LD 

LD 

ORB 

CU^B 

cut 

CLR 
RET 

LD 
DEC 
BN£ 
RET 

CALL. 

BBS 

LDB 

LDB 

ORB 

BBS 

CALL 

DIVUB 

CMPB 

BE 

BH 

ORB 

DECB 

CMPB 

BE 

LDB 

LDB 

ORB 

BBS 

DJN2 

DIVUB 

CHPfi 

BE 

BNH 

IKCB 

INCB 

LDB 

CALL 

CALL 

LDB 

CALL 

BR 

LDB 

CALL 

RET 



BIT5«f lOH 
BITS, 4,$ 
TOF 

PTIMFLT,TIMFLT 
PTIMFLT4 2 ,TIMrLT'f2 
BITS, t02H 
D1SC_CHT 

ABOR CTR 
DEV_SUM 

DLYCNTflOSOON 

DLYCNT 

LPL 



CALCNOP 

MODE, 0, EXPUL I£V 

THR£SHLD1,|036H 

lOPORTl , THRESHLDl 

BITS, «1 OH 

BITS, 4,$ 

CIGOC 

TPTR, #10H 

TPTR,EDET 

GHY 

GHY 

BITS,«04H 

PWMCON 

PWMCON,fOOH 

GHY 

PWM_CONTROL, PWMCON 

TEMPO, PCNT 

BITS, tlOH 

BITS, 4,$ 

TEMPD,LPT 

TPTR, flOH 

TPTR,EDET 

STOPT 

RETRY 

PWMCON 

PWMCON 

PWM_CONTR0L, PWMCON 

DEIAY 

THRES_6ET 

TEMPB,f 02H 

CONFIRM 

EXPUL_LEV 

TEMPB,f D3H 

CONFIRM 
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SETHVS 



INCREASES 



10 



LPTA: 



76 



20 



25 



30 



DECREASE; 



LPTB: 



35 



40 



45 



EXSETKV: 



CAIiCNOP: 



CKLIJ: 



50 



CALL CALCNOP 

VOB TEMPA,|03H 

CALL ATOD 

CMP TEMP.HLEVEL 

BK DECREASE 

XNCB PWMCON 

CMPB PWMCON, «9FH 

BH EXSETHV 

BE EXSETHV 

LDB PWM_CONTR0L^ PWMCOK 

LDB TEMPD,PCNT 

ORB BITS,|10H 

BBS BITS, 4, S 

DJN2 TEMPO, LPTA 

ORB BIT5,f lOH 

BBS BITS, 4,$ 

CALL CKRX 

ORB BITS,! lOH 

BBS BITS, 4, 5 

LDB TEMPA,«03H 

CALL ATOD 

CMP TEKP,HLEVEL 

BNH INCREASE 

DECB PWMCON 

BR EXSETHV 

DECB PWMCON 

CMPB PWMCON, #0 OH 

BNH EXSETHV 

LDB PWM_CONTROL, PWMCON 

LDB TEMPO, PCNT 

ORB BITS, II OH 

BBS BITS, 4,$ 

DJNZ TEMPO, LPTB 

ORB BITS, II OH 

BBS BITS, 4,$ 

CALL CKRX 

LDB TEMPA,f03H 

CALL ATOD 

CMP TEMP,HLEVEL 

BH DECREASE 

INCB PWMCON 

ORB BITS, II OH 

BBS BITS,4|$ 

LDB TEMPA,|03H • 

CALL ATOD 

LD HLEVEL,TEKP 

RET 

CMP PUL_RATE,|012CH 

BNE CKLIJ 

LDB PCNT,lODH 

BR EXCALP 

CHP PUL RAT£««0258H 

BNE CKL2J 

LDB PCNT,|DAH 

BR EXCALP 



55 
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CKL2JS 


CMP 


FUL RAT£,f04B0H 




BNE 


CKL33 




X.DB 


PCNT,f 08H 




6R 


EXCALP 


CKL3J: 


CMP 


PUL RATE,|0960H 




BNE 


CKL4J 




L.DB 


PCNT,t05H 




BR 


EXCALP 


CKL4J: 


CMP 


PUL_RAT£ , t 1 2 COH 




^ ^» 


CKL5J 






PCNT^ f 03H 




BR 


EXCALP 


CKLS J : 


CMP 


PUL_RAT£, 12 58 OH 






CKL6J 






PCST^ W02n 




BR 


EXCAL1* 






PUL RATE.i4BD0H 
















fill 
















CKCOK : 


LDB 


TEMPO, t05K 




CLRB 


BCNT 




CALL 


DELAY 




CALL 


DELAY 


OPL: 


ORB 


BITS, #1 OH 




BBS 


BITS,4 ,$ 




DIVUB 


TPTR, #10H 




CNPB 


TPTR.EDET 




BE 


NEXKOP 




BH 


NEXNOP 


SUOP: 


BR 


NOPL 


fiEXKOP: 


XNCB 


BCNT 




DJNZ 


TEMPD , OPL 


EXCKCON: 


KET 




AVER: 


MOP 






CALL 


FILT 




BBC 


BITS, 5, PROCEED 




INCB 


DISC CNT 




LDB 


TEMPB,AVC 




SHRB 


TEHPB, I02H 




CMPB 


DISC CNT.TEMPB 




BH 


ABOR RST 




BE 


ABOR RST 




BR 


EXAVER 


PROCEED: 


CALL 


SCATTER 




ADD 


ATIMFLT+2 , TIMFLT+2 




ADD 


AT1MFLT,TIMFLT 




BNC 


NOADJ 




INC 


ATIHFLT42 


N0AD7S 


OJNZ 


AVCCTR, EXAVER 




CALL 


OEV 


CX5HF: 


CMP 


AVCLOCffOOH 
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SHIFACXIN! 
MOSHXFT: 



AB0ft_R5T: 
MOABOR: 



EXAVER : 
DEV: 

EXOEV: 
COKTROL: 

NRSHV: 
KREOPT: 



9£ 


WOSHirx 


AH>B 


T£MPB«AVCLDC 


»HRL 


ATJKFLT^f OIN 


DJKZ 


TEKPB « SHI PACAXH 


NOP 




CMP 


DEV_6CAT,#0rAH 


BH 


ABOR RST 


BE 


ABOR^RST 


1.D 


CTI MFLT , ATIKFLT 


LD 


CTIMFLT-* 2 , ATIMFLTi 


A.NU0 


TaBITS , f DBFH 


ORB 


AaS^f VO VXl 


BH 




An u> 




f^Pn 






ATIMFLT 


clu 


ATJHFL1H2 


UOB 




OK 6 


BITS #r>2H 


ClJih 


DISC CNT 


CU^ 


DEV Sum 


RZT 




CLR 


TEMP 


LDB 


TEMP,AVG 


DEC 


TEMP 


BE 


EX DEV 


CLK 


DIVREG+2 


LD 


DI VREC , DEV^SUM 


DIVU 


DIVREC,TEMP 


1A> 


DEV^SCAT, DIVREG 


CIJ% 




CU^C 




RET 




NOP 




BBC 


RX BI T5 , 6 « KR5HV 




SETHV 


I>DB 


TEMPB, #OEH 


CALL 


CONFIRM 


AKDB 


RX6ITS, «OBFH 


BBC 


RXBITS , 7 , NREOPT 


LD 


HLEVEL,KVKA.X 


CALL 


SETHV 


CALL 


PULSE_LEV 


ANDB 


RXBITS, ITFH 


ORB 


INT_KASK, I4 0H 


LDB 


PWM_CONTROL, PWMCON 


CHPB 


MODE, f BOH 


BE 


RINGWIN 


CHPB 


MODE,f eiH 


BE 


RINGWIK 


LDB 


EDST,EDSTI 


ADDB 


EDET^BDSTIiCEDET 


UDB 


lOPORTI ,THRESHLDI 


BR 


EXCON 
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RZNCWZK: 



TIM_R2 : 

EXCON: 
CONFIRM: 



THRES SET; 



RINGTH : 



EXTKRESSET: 
THRES_OPT; 

DECTKRES: 



AX: 



BBS 

U>B 

ADDS 

LDB 

BR 

U>B 

ADDB 

I.DB 

RET 

UO 

STB 

LDB 

STB 

U)B 

BTB 

l.l> 

ORB 

CAIX 

RET 

WOP 

BBS 

CMPB 

BE 

LD 

LDB 

ADDB 

CALL 

LDB 

BR 

LD 

LDB 

ADDB 

CALL 

LDB 

LD 

LDB 

ADDB 

CALL 

LDB 

AHDB 

RET 

LD 

LD 

LDB 

LD 

DECB 

LDB 

ORB 

BBS 

CMP 

BK 

CALL 
MOP 
6HRL 
ST 



XBJTS,0,TIM R2 

EDST,EDST1** 

EDET, EDSTl , CEDET 
I OPDRTl , THRESHLDl 
EXCON 

EDST«ED5T2 

EDET , EDST2 , CEDET 
lOPORTl ,THRESKLD2 

TEMPTX PTP,fBUF TX 

tempb,Ttemptx PfR]* 

TEMPB,|CR 

TEMPB, [TEMPTX PTR3+ 

TEMPB^IETX 

TEMPB, [TEMPTX PTRJ^ 

XMJT_BUF PTR,?BUF TX 

5CX>P,|20H ^ 

EER HANDLER 



MODE , 0 , EXTHRESSET 
MODE I «80H 
RINGTH 

WINDOW, «TIME 

EDST, EDSTl 

EDET , EDSTl , CEDET 
THRES_OPT 
THRESHLDl ,THRESHLD 
EXTHRESSET 
WINDOW, UTIMEl 

EDST, EDSTl 

EDET , EDSTl , CEDET 
THRES_OPT 
THRESHLDl ,THRESHLD 
WINDOW, «TIME2 
EDST,EDST2 
EDET, EDST2, CEDET 
THRES_OPT 
THRESHLD2 , THRESHLD 
BITS, #0FBH 

THRESTEMP,! OOH 
THRESBIG,|00H 

offst, noon 

THRES, IHITHLIM 
THRES 

IOPORTl,THRES 
BITS,«10H 
BITS , 4 , $ 
TPTR, WINDOW 
DECTHRES 
TOFC 

T1MFLT,|04H 
TIMFLT, WINDOW 
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THRESDEC; 



10 



IS 



KEWARS: 
JODDOK; 



20 



25 



30 



35 



HONEWTO: 
NOHEW: 



EXTHRLOOP: 

CETOPT: 
PULINIT: 



40 



45 



SO 



ZHCB 


!l HRESTEHP 


LDB 


THRESTEMP-fl ^THRES 




1 HKL5 , f STEP 


CMP 


flv*Litoip>c:^ A V ^s*V4uv 


VI VJ 


EXTHRLDOP 




30P0RT1 ^TKRES 


ORB 


BITS , f I OH 


A to 

BBS 


to Y fv^c Jk ^ 

BITS , A , ^ 


ORB 


BI TS , f 1 OH 


BBS 


Bj TS ,4,5 




Tore 


SHRL. 


TI MFLT, f 04H 


CMP 


TIKFLT, WINDOW 


BK 


REWARS 


BVB 


Dirr tWlfiuOWf TIMrLT 


BK 


JOBDON 


1 to 
dUB 


DI rF,T J MFLT, WINDOW 


CMP 


DIFF, f 04H 


to VT U 


t* 


BE 


NONEW 




T I KFLT| WINDOW 


CMPB 


THRESTEMP, TKRESBIG 


to vv u 

BNn 


NONEWTD 


dT 


THRcSTEKP, TKRESBIG 




THRESTEMP, f OOH 


XMCB 


THRESTEMP 


STB 


THRES , THRESTEMP+ 1 


toto 


THRESDEC 




OFFST, THRESBIG 




THRESHLDiTHRESBIG'f 1 




OFFST, f OIH 


%. r>r\to 
AuDB 


THRESHLD, f STEP 




OFFST , GETOPT 


LiDB 


IOC2 , f 6SK 


• r\to 


lOCl , f 7IH 


T rxto 


lOCO , f OOH 


CALL 


HSOINIT 


LDB 


TEnPB, fO FFn 


oTB 


TCnPB/ IOPURTj 


CnFo 


MODE, f 0 OH 


OX. 


KlNGPuLIN 


OMfta to 

CflF^ 


MODE 1 f blH 


top 

BE 


RINGPULIN 


LDB 


PWM CON , f 2 5H 


V TSto 

LuB 


PWM^CONTROL, f 25H 


LuB 


^ ^Tkr\to*r*^ Jf#s^nu 

I OPORTl f f 060H 


LDB 


XBITS f f OOH 


LDB 


S CATLI K , f OAH 


LDB 


THRESHLDl i&OH 


LDB 


rHRESHLD2,f 60H 


LDB 


CEDET.lOeH 


LD 


ED5T,f OOOFH 


LDB 


EDSTl.fOOOFK 


LD 


EDET,f002BH 


LD 


HVMAX,|0320H 
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LD 
LD 

VO 
LD 
BR 

KINGPULIN: LDB 

LDB 
LDB 
LDB 
LDB 
LDB 
LD 
LDB 
LDB 
LDB 
LD 
LD 
X-D 
LD 
LD 
LD 
LD 

£XPULINIT: CLRB 

RET 

HSDINIT: LDB 

LDB 
LDB 
RET 

TIMINIT: ORB 

LDB 
ADD 
RET 

PULSE: ORB 

AKDB 
AKDB 
ORB 
ORB 
AKDB 
DI 
LDB 
ADD 
LD 
ADD 

; 

LDB 
LD 

; 

LDB 
ADD 

t 

LDB 
ADD 

9 

ADD 



HLEV£L«f02A0H 
PUL RAT£,f04BDH 
BTIMFLT,! ODOOH 
BTIMFLT'^2,f OOODH 
XPLIER,|01H 
EXPULINIT 
PWMCON, I30H 
PWM_CONTR0L, 13 OH 
SCATLIM,! OAH 
THRESHLDl,f 80H 
THRESHLD2,IS0H 
IOPORTl,f60H 
EDST, fOOOFH 
CEDET,|08H 
EDSTa.lOOOFH 
EDST2, f OOIDH 
EDET,f 002eH 
HVMAX,|0320H 
HLEVEL,f 02A0H 
BTIMFLT,|OOOOH 
BTIMFLT+2,|O00OH 
XPLIER,«01H 
PUL RATE « I 04 BOH 
BITS 

WSR, f DOFH 
lOS0,f OIH 
%95R,«OOH 

IKT_MASK,|20H 
HSO COKKAKD,f38H 
HSO^TIME , TIKERl , PUL_RATE 

INT MASK,f08H 

int""mask,iobfh 

BITS,«56H 
BITS, « 4 OH 
IOPORT2,1040H 
IOPORT2,|0BrH 

HSO^COKKAND, I6EH 
HSO^TIME , TIMER2 , f OOOOH 
TEMP, TIKERl 
TEMP, *08H 

HSO^COMHAND, #00H 
HSO_TIKE,TEMP 

HSO COMMAND, I21H 
HS0"TI me , TEMP , « 0 OH 

HSO_COMMAND, f 22H 
HSO_TI ME , TEMP ^ EDST 

HSO COMMAND, f02H 
HSO*TIHE , TEMPfXDET 
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AD SVC: 



RMPO: 
TCAT: 



FEEKr 
CKLS<KPS'. 



OTHERS: 



EXADSVC: 
CALHSO: 



LDB 
ADD 

LDB 

ADD 

EI 

BBS 

ANDB 

OHB 

RET 

PUSHA 

BBC 

CLRB 

LDB 

STB 

LDB 

ANDB 

BBS 

LDB 

BR 

LDB 

CALL 

LD 

LD 

SHL 

CLRC 

ADDB 

SJMP 

BBC 

LDB 

CALL 

ADD 

LDB 

CALL 

ADD 

SJMP 

LDB 

CALL 

ADD 

LDB 

CALL 

ADD 

ANDB 

POPA 

RET 

MOP 

ANDB 

ORB 

LDB 

LD 

LD 

LD 

LD 



H50 COMHAND«fllH 
HSO^TZME ,TEMP, EDET 

HSO COMMAND, 12 OH 
HSO_TIME ,TEMP , EDET 

BITS, 6,$ 

INT KASK,|0F7H 

IKT^MASK^f 4 0H 



BITS,6,CALItMPS 
TEMPC 

TEMPB,f OFFH 

TEMPB,10P0RT3 

TEMPC,IOPORT3 

TEKPC,#01H 

TEMPC,0,RMPO 

TEKPA, #01H 

TCAT 

TEMPA,! OOH 
ATOD 

AD_T1ME,TEMP 
TPTR,T1MER2 
TPTR,*01H 

TPTR,TEKPC 
EXADSVC 
BITS, 0, OTHERS 
TEKPA, *01H 
ATOD 
HI, TEMP 
T£MPA,«OOH 
ATOD 
LO , TEMP 
EXADSVC 
T£MPA,iOOH 
ATOD 
HO, TEMP 
TEKPA, #01H 
ATOD 
LI , TEMP 
BITS,fOeH 



INT MASK,|ODFH 

INT~MASK,|08H 

CCONT.i040H 

HO, lOOH 

Hl.fOOH 

LO«f OOH 

Ll«fO0H 
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ANDB 

CALL 

AKDB 

ORB 

LDB 

CALL 

CALL 

LDB 

ANDB 

ORB 

CALL 

ORB 

IXJN2 

8HK 

SKR 

6HR 

SHR 

SUB 

SUB 

AKDB 

ORB 

RET 

NOP 

DI 

LD 

ADD 

LDB 
LD 

LDB 
ADD 

LDB 
ADD 

LDB 
ADD 

LDB 

ADD 

£1 

BBS 

RET 

ADDB 

NOP 

NOP 

NOP 

NOP 

NOP 

NOP 

BBS 

LD 

SHR 

RET 



IOPORT2,tDBFH 
HSOINIT 
BITS«f D6H 
BITS, f BOH 
TEMPO, I 2 5H 
CAL 

HSOINIT 
TEMPC,#24H 
BIT5,|06H 
BITS.f eiH 
CAL 

IOPORT2, t4DH 

CCONT,LP 

L0,«06H 

Ll,f 0€H 

HO,«06H 

Kl,f 06H 

HO_LO,HO,LO 

HI^Ll^HI^LI 

3KT_MASK,fOF7H 

INT_MASK,|20H 



VTEKP,TIKER1 
VTEMP,#OBH 

HSO_COKMAND, |21H 
HS0_T1ME,VTEMP 

HS 0_COMMAND , TEMPO 
HSO^TIME, VTEMP, #00H 

HSO_COKMAND, #33H 
HS0_TIME , VTEMP , I 04H 

HSO COMMAND, fOlH 
HSO^TIME, VTEMP, #09H 

HSO COMMAND, #03H 
HSO^TIME, VTEMP, fD9H 

BITS, 7,$ 

AD^COMMAND , TEMPA , f OFeH 



AD RESULT, 3, 5 
TEMP, AD RESULT 
TEMP,#D6H 
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ftXNBCD: 



10 



15 



20 



25 



30 



DIVSTOR: 



TOF: 



35 



TOFRINGS: 



40 



45 



SO 



tXTOPi 



MOP 
VI 

uy 

CIK 
LDB 
6TB 

mw 

DIVUB 

ADDB 

STB 

ADDB 

STB 

2JO 

1.D 

CALL 

1.D 

CALL 

LD 

CALL 

ADDB 

STB 

CLR 

LDB 

STB 

LDB 

STB 

EI 

KET 

LD 

CLR 

DIVU 

ADDB 

STB 

RET 

CMPB 

BE 

CKPB 
BE 

CALL 

BR 

LD 

ID 

CALL 

LD 

LD 

LD 

LD 

CALL 

LD 

LD 

SUB 

SUB 

BC 

DEC 

RET 



TEMPTX PTR^IBUF TX 

VTEMP ^ ^ 

VTEKP.f 30H 

VTEMP, (TEMPTX PTRJ* 

XTIMFLT,f27lDH 

XTIMFLT,|OAH 

XT1MFLT,|30H 

XTIMFLT, [TEMPTX PTR]^ 

XTIMFLT^^a,l30H " 

XTIMFLT+a, (TEMPTX PTRJ-^ 

DI VREG+2 , XTIMFLT'*'? 

VTEMP,! 03E8K 

DIVSTOR 

VTEMP,|0064H 

DIVSTOR 

VTEMP, fOOOAH 

DIVSTOR 

DI VREG+2, #3 OH 

DIVREG+2, [TEMPTX^PTR]* 

VTEMP 

VTEMP, ICR 

VTEMP, ITEMPTX_PTRJ + 

VTEMP,|ETX 

VTEMP, [TEMPTX PTRJ 



DI VREG , DIVREG+2 

DI VREG+2 

DI VREG, VTEMP 

DI VREG, I 3 OH 

DI VREG , [TEMPTX_PTR] + 

MODE, #8 OH 

TOFRINGS 

MODE, #81H 

TOFRINGS 

TOFC 

EXTOF 

TPTR,TPTRR1 
AD_T1KE , AD_TIMER 1 
TOFC 

TIMFLTR1,TIMFLT 

TIMFLTRa+2 ,TIMFLT+2 

TPTR,TPTRR2 

AD_TIME,AD TIMER2 

TOFC ^ 

TI MFLTR2 , TIMFLT 

TIMFLTR2+2 ,TIMFLT+2 

TIMFLT+2 ,TIMFLTR2+2 ,TIMFLTRl-«-2 

TI MFLT , TIMrLTR2 , TZMPlAHl 

EXTOF 

TlMFLT+2 
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Tore I 



COMP: 



EXTOFC: 



NOINC: 



NODEC: 
riLT: 



NOINCUKJ 



NDDECUW: 

6UBST: 

NEWPREV: 



HVU) 

VD 

6HR 

BHC 

ADD 

SUB 

KUl-U 

CLRC 

DJVU 

LD 

BR 

CURC 

ADD 

SUB 

KULU 

CLiRC 

DIVU 

1.D 

Cl-RC 

ADD 

BNC 

2KC 

CLRC 

1.D 

CUR 

DIVU 

SUB 

BC 

DEC 

RET 

NOP 

ANDB 

BBS 

1.D 

LD 

ADD 

BNC 

INC 

CMPL 

BH 

BE 

1-D 

LD 

SUB 

BC 

DEC 

CMPL 

BH 

ORB 

BR 

LD 

LD 

CLRB 

CUK 

ANDB 

RET 



TIMFLT^TPTR, ff D9E0H 
VTEMP^TPTR 
VTEMP,f OIH 

COMP 

AD_TIME,f 32H 
AD TIME, 1*0 
AD^TIME^IOJEBH 

AD TIME, HO LO 
VTEMP,HO LO 
EXTOFC ^ 

AD_TIME,«32H 

AD_TIME,L1 

AD_TIME,|03EBH 

AD TIME, HI LI 
VTEMP,H1_LT 

TIMFLT,AD TIME 
NOINC ^ 
TIMFLT42 

DIVREG, iOC350H 

DIVREG+2 
DIVREG, VTEKP 
TIMF1.T, DIVREG 
NODEC 
TIMFLT+2 



BITS,*0DFH 

BITS,a,NEWPREV 

DIVREG, PTIMFLT 

DI VREG-f 2 , PTIMFLT+2 

DIVREG, f01F4H 

NOINCUW 

DIVREG+2 

TIMFLT, DIVREG 

SUBST 

SUBST 

DIVREG, PTIMFLT 

DIVREG+2 , PTIMFLT+2 

DIVREG, f01F4H 

NODECUW 

DIVREG+2 

TIMFLT, DIVREG 

EXFIL 

BITS,«20H 

EXFIL 

PTIMFLT, TIMFLT 
PTIMFLT+2 ,T2MrLT+2 
DISC CNT 
DEV lUM 
BITfi^fODDH 
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SCATTER: 



SWAP: 
CAI^im: 
EXSCAT: 
CKRX: 



PROCRX: 



BX: 



EXCKRX : 
1X>G: 

SHAGAIH: 



EXLOG : 
lOCROUTS: 



CUP 




Bjut 




OUD 




BK 




m 




AUU 


nFV SUM TEMP 






WIjK 


CTPMP 






A lit r\0 




ADDB 




CKP 


T3r^\7 ttTIC* 'IS'T'P ^TiCWD 


BE 


EXCKKa 


CALL 


ib^\f 

COL_KCy_Bur 


CMPB 


5EKBIT5| ffQ4.Bn 


BNH 


PKOuKa 


ADDB 


RD_^Bur^FTK| f U2n 


BK 




nULrUB 


S£RdjLT0 f V won 


CMPB 




BE 


BX 


LD 




ADD 








PT.P 


«?TFKP 








RD BUF PTR.iBUF RCV+fiH 




FX CKRX 




RD RUF PTR - i RUF RCV 












AVGLOG 




TEMPB. 4 01H 




EXLOG 


A n w D 


AVGLOG 




SHAGAIN 








prv FRP 




OA 




X< W V U«L 




P V 
13 A 








PY 
DA 




RCV THR103 


LJMP 


BX ~ 




RCV GN04 


UMP 


BX 


ICALL 


RCV AVC05 


hJHp 


BX ~ 




RCV_F206 


LJHP 


BX 


ICXLL 


RCVJRSTO? 
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SENKSG: 
CRT: 

RCyjBRR: 
KCV KlOll 







XiCALiL. 








ZiCALL 


f\ w V • u y 


LJMP 




ZiCALL 




1«JMP 


BX ^ 


LCALL 




XjJMP 


fix 


Z/CALIi 




XjJMP 


BX " 


1/CALL 




1-JMP 




LCALL 




LJMP 


BX 


1>CALL» 


RCV PROF 


LJHP 


BX 


X/CALL 


RCV R<5*n ft 


WMP 


BX 


I/CALL 


RCV MtJT T i 


1-JKP 


BX ^ 


I/CALL 


RCV RCJTI 9 


IjJKP 


BX ^ 




RCV r«;ti 5 


LJMP 


BX 




RCV RCT*! A 




RV 






LTMP 


BY " 
9A 






XjJKP 


BX 


LCALL 


RCV 9ini "7 


UKP 


BX 


LCALL 


RCV CALlfi 


LIMP 


BX 


LCALL 


RCV CAL19 


LJMP 


BX " 


LCALL 


RCV 6CAT1X 


LJMP 


BX 


LCALL 


RCV TOFIB 


LJMP 


BX 


LD 


XMIT BUF PTR iBUP TX 


d J} 


VT*PMP 


Lr>p 


VTPMP fTEMPTX PTR1 + 


o I o 




f*WPP 


VTPMP ilPTY ^ *^ 
V A S^rlr f V ^ A 


AMP 




RET 




HOP 




RET 




LDB 


CDST1,1[RD_BUF PTR] 


DECS 


EDSTl 


ADDB 


RD BUP FTR,f02H 


RET 
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RCV_P0L02 1 



FCV_THR103 
ncv CN04: 



NKCLIH: 
RCV AVG05: 



ALTER: 
NOALTER: 

RCV R206: 



RCV^RSTO? : 
RCV BAUD08: 



6ET48: 



ADDB 

CLR 

CLR 

ANDB 

ORB 

RET 

LDB 

ADDB 

RET 

CLR 

LDB 

ADDB 

SUL 

CMP 

BMH 

LD 

ORB 

RET 

LDB 

CMPB 

BNE 

LDB 

BR 

CALL 
ADDB 
RET 

LDB 

ADDB 

RET 

BP. 

RET 

LDB 

ADDB 

CMPB 

BE 

CMPB 
BE 

CMPB 
BE 

CMPB 
BE 

CMPB 
BE 

CMPB 
BE 

CMPB 

BE 

BR 

LOB 

LDB 



MODE,)(RD BUr FTR) 
RD BUF rTK,l02H 

btTmflT 

BTIMrLT42 

TXBITS,|ODFH 

RXBIT5«|OeOH 

THRESHLDl.URD BUF^WR] 
RD_BUF_PTR, I02H 

HLEVEL 

HLEVEL,11RD BUF PTR) 
RD_BUF__PTR, ?02H'' 
HLCVTL, f 02H 
HLEVEL, KVMAX 
NNELIM 
HLEVEL, HVMAX 
RXBITS,i040H 

AVC,1[RD BUF PTR] 

AVG,<IOOH~ ~ 

ALTER 

AVG, #01H 

NOALTER 

LOG 

RD_BUF_PTR , # 02H 

EDST2 , 1 tRD_BUF_I»TR] 
RD_BUF_PTR,f 02H 

BGIN 

TEMPB,1(RD BUF^PTR] 
RD_BUF PTR7|02H 
TEMPB,?OOH 
SET4 8 

TEMPB, lOlH 
SET9 6 

TEMPB,«02H 
SET192 
TEMPB, lOaH 
SET384 
TEMPB, I04H 
SET? 68 
TEMPB, «05H 
SET1536 
TEMPB, #06H 
SETS 072 
EXBAUD 

BAUD RATEflBlH 
BAUD^RATEflBOK 
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6ET192: 
6ET364 : 

SET? 68: 
SET1536: 

6ET3072 : 

EXBAUD: 
RCV 709: 



CK03: 



CK04 



CK05: 



CK06: 



CKOA: 



CKOB: 



BR 

LDB 

LDB 

BR 

LDB 

LDB 

BR 

LDB 

LDB 

BR 

LDB 

LDB 

BR 

LDB 

LDB 

BR 

LDB 

LDB 

RET 

LDB 

ADDB 

CMPB 

BNE 

LDB 

INCB 

BR 

CMPB 
BNE 
LDB 
BR 

CMPB 

BNE 

LDB 

CALL 

LD 

DIVUB 
LDB 
KULUB 
BR 

CMPB 
BNE 
LDB 
BR 

CMPB 
BNE 
LDB 
BR 

CMPB 
BNE 
LDB 
BR 

CMPB 

BNE 

LDB 



EX BAKU 

BAUD RATE, I 4 OH 
B AU DERATE «f80H 
EXBAUD 

BAUD_RATE,|20H 
BAUD RATE^IBOH 
EXBAUD 

BAUD_RATE,#OFH 
BAUD_RATE,t80H 

EXBAUD 

BAUD RAT£,fD7Ji 
BAUD~RATE,*80H 

EXBAUD 

BAUD RATE,|03H 
BAUD~RATE,*80H 

EXBAUD 

BAUD__RATE,f OIH 
BAUD_RATE,|80H 

TEKPB, 1 CRD_BUF_PTR] 
RD_BUF PTR,4I02H 
TEKPB, iOlH 
CK03 

T£MPB,ED5T1 
TEKPB 
EXRCV? 
TEMPB,|03H 

CK04 

TEMPB , THRESHLDl 
EXRCV? 
TEMPB, < 04 H 
CK05 

TEMPA, I03H 
ATOD 

HLEVEL,TEMP 
HLEVEL, f 04H 
TEMPB, HLEVEL 
HLEVEL, f04H 
EXRCV? 
TEMPB, #05H 
CK06 

TEMPB, AVC 
EXRCV? 
TEMP8,|06H 
CKOA 

TEMPB, EDST2 
EXRCV? 
TEMPB,|OAH 
CKOB 

TEMPB , THRESHLD2 
EXRCV? 
TEMPBflOBH 
CKOC 

TEMPB. CEDET 
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CKOCS 



CKO£: 



CKOF: 



CKLl: 

CKL2: 

CKL3: 

CKI/4: 

CKL5: 

CKL6: 

CKL7; 

CKL8: 
CKIO: 



OECB TEMPB 

BR EXRCV7 

C«PB TEMPB, tOCH 

BNE CKOE 

LDB TEMPB , SCATLIM 

BR EXRCV? 

CMPB TEMPB, fOEH 

BNE CKOF 

DIVUB HVMAX,t04H 

X-DB TEMPB , HVMAX 

KULUB HVMAX , « 04 H 

BR EXRCV? 

CMPB TEMPB, «OFH 

BNE CKIO 

CM P PU L_RATE , f 0 1 2 CH 

BNE CKLl 

LDB TEMPB, «00H 

BR EXRCV? 

CMP PUl._RATE,i025BH 

BKE CKL2 

LDB TEMPB, tOlH 

BR EXRCV? 

CMP PUL_RATE, f 04B0H 

BNE CKL3 

UDB TEMPB, #02H 

BR EXRCV? 

CMP PUJL RATE,#09e0K 

BNE CKIJ4 

L.DB TEMPB, #03H 

BR EXRCV? 

CMP PUL^RATE, «12C0H 

BNE CKL5 

LDB TEMPB, #04H 

BR EXRCV? 

CM P PULr^RATE , # 2 58 OH 

BNE CKL6 

U)B TEMPB, f05H 

BR EXRCV? 

CMP PUL_RATE,#4B00H 

BKE CKL7 

LDB TEMPB, f06H 

BR EXRCV? 

CMP PUL_RAT£,f 9600H 

BNE CKLe 

LDB TEMPB, i07H 

BR EXRCV? 

LDB TEMPB,|0rrH 

BR EXRCV? 

CMPB TEMPB, flOH 

BNE CKll 

LDB TEMPB, THRESBZC 
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CKll: 

EXRCV7 : 
RCV_THR20A: 

RCV_ETOB: 
RCV SCATOC: 



RCV RSTOD: 
RCV HVOE: 



NOLIKHV: 
NOBOT: 
RCV PROF: 



6ETP2048: 
SETP1024 : 
SETP512t 



BR 

CMPB 
BNE 

LDB 

CALL 

RET 

LDB 

ADDB 

RET 

U>B 

INCB 

ADDB 

RET 

LDB 

ADDB 

RET 

RET 

CLR 

LDB 

ADDB 

CMP 

BLT 

LD 

CMP 

BH 

LD 

6HL 

ORB 

RET 

LDB' 

ADDB 

CMPB 

BE 

CKPB 
BE 

CMPB 
BE 

CMPB 
BE 

CMPB 
BE 

CMPB 
BE 

CMPB 
BE 

CMPB 

BE 

BR 

LD 

BR 

LD 

BR 

LD 



EXRCV7 
TEMPB.ffllH 

EXRCV? 

TEMPB.XPLIER 
CONFIRM 

THRESHLD2,lfRD BUF PTR] 
RD_BUF__PTR,#02li ~ 

CEDET,1£RD BUF PTR) 
CEDET - - 

RD_BUF_I>TR,#02H 

SCATL1M,1[RD BUF PTRl 
RD_BUF_PTR,«02H ~ 



HVKAX 

HVKAX,1[RD_BUF PTR] 

RD_BUF_PTR,#02H 

HVWAX,#OCOH 

KOLIMHV 

HVKAX, #OC0H 

HVMAX,«04H 

NOBOT 

HVKAX, # 04 H 
HVMAX,|02H 
RXBITS,f 04 0H 

TEMPB,1[RD BUF PTRl 

RD_BUF PTR,«02H 

TEMPB,?OOH 

SETP204 8 

TEMPB,«01H 

SETP1024 

TEMPB,«02H 

SETP512 

TEMPB,|03H 

6ETP256 

TEMPB.f 04H 

SETPi2e 

T£MPB,#05H 

SETP64 

TEMPB,#06H 

SETP32 

TEMPB,f07H 

SETP16 

EXPRSET 

PUL_RATE,#012CH 
EXPRSET 

PUL_RATE,#0258H 
EXPRSET 

PUL_lUTE,f04B0H 



38 



EP 0 453*650 A1 ' 





BR 


6ETP256: 


LD 




BK 


6ETP128 : 


LD 




BR 


6ETP64 : 


I^D 




BR 


SETP32 : 


I'D 




BR 


SETP16: 


LiD 


EXPRSET: 


RET 




RET 


RCV^HULll: 


JLDB 




ADDB 




RET 


KCV_RST12 : 


RET 


RCV^RSTl 3 : 


RET 




RET 




RET 


BCV^KSTl 6 : 


RET 


to f"^to C W ^ ^ • 

KCV^RSTJV : 


RET 


RCV_Z017: 


LD 




liD 




XORB 




ORB 




LDB 




CALli 




RET 


RCV_CA1*18: 


NOP 




LD 




STB 




STB 




STB 




STB 




STB 




STB 




STB 




STB 




LDB 




STB 




LDB 




STB 




LD 




ORB 




CALL 




RET 




HOP 




CALL 




LDB 




CALL 




RET 



EXPRSET 

PUL_RATE,f 0960H 

EXPRSET 

PUL_RATE,|a2C0H 
EXPRSET 

PUL_RATE,f2580K 
EXPRSET 

PUL RAT£|f4B00K 
EXPRSET 

PUL RATE««9600H 



XPLIER.afKD BUF PTRJ 
RD_B\)F_PTR . 1 02H^ 



BTIKFLT^CTIMFLT 

BTIMFLT+2 , CTIMFLT+2 

TXBITS^#10H 

TXBITS,|20H 

TEKPB,|a7H 

CONFIRM 



XKIT_BUF_PTR, IBUr_TX 
LO, [XMIT_BUF_PTR]^ 

, [XKIT_BUF_PTR] + 
LI, tXMIT_BUF_PTR]-^ 
L1-H,[XKIT BUF^PTRJ-^ 
HO, IXMIT^BUF^PTRl-f 
HO+1 , IXMIT_BUF_PTR)4 
HI, [XMIT_BUF_PTR3-^ 
H1 + 1,IXMIT BUr_PTR3-f 
VTEKP,«CR 

VTEMP, [XKIT BUF^PTRJH 
VTEMP,#ETX " 
VTEMP.IXWIT BUF_FTR) 
XKIT_BUF PTR,#BUF TX 
SCOP,#20H ^ 
SEH HANDLER 



CALHSO 

TEMPB,|019H 

CONFIRM 
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8l7MCrUPL*: 
XSCAT: 

RCV TOriB: 



Tl: 

NO_ADJ: 

VOSCAL: 
TXWTKEW: 

TXWTABR: 



KOP 








DIVUB 






TPTR. EDET 


BK 


SUNCUPL 


BE 


SUNCUPL 


CUi 


)(TIMFLT^^2 


IX> 


XTIMFLTgDEV SCAT 


CALL 


BINBCD " 


BR 


XSCAT 


LD 


TEMPTX PTR, lUNCOUPLD 


CALL 


senmsg"" 


LD 


XMIT BUF PTR/|BUF_TX 


ORB 


SC0P-I20H ^ 


CALL 


SER HANDLER 


RET 




KOP 








CLR 


DIVREG+2 


1-D 


Dl VREG , CTIMFLT 


LD 


DIVREG+2 , CTIMFLT+2 


DIVU 


DIVREG, #3E80H 


EI 




CMP 


DIVREG,EDET 


BE 


UNCUPL 


BH 


UNCUPL 


BBS 


TXBITS . € -TXWTABR 


BBC 


TXBITS . 7 - TXWTNEW 


CMPB 


DEV SCAT.SCATLIM 


BK 


TXSCAT 


LD 


XTIMFLT, CTIMFLT 


LD 


XTIKFLT-i-2 ,CTIMFLT+2 


BBC 


TXBITS , 4 , NOSCAL 


SUB 


XTIMFLT^BTIMFLT 


BC 


NO ADJ 


DEC 


XTIMFLT4 2 


SUB 


XTIMFLT+2 . BTIMFLT+2 


BC 


NO ADJl 


CLJ7 


XTIMFLT 


CU^ 


XTlMFLT+2 


BBC 


TXBITS . 5 .NOSCAL 




XTI MFLT . XPLIER 


CALL 


BINBCD 


AKDB 


TXBITS- f 7FH 


BR 


XMSG 


LD 


TEMPTX PTR/fWT NEW 


ANDB 


TXBITSTi7FH 


CALL 


5ENMSG 


BR 


XMSG 


LD 


TEMPTX PTR,|WT ABR 


AND6 


TXBITS, I7FH ^ 


CALL 


SENMSC 


BR 


XMSG 


LD 


TEMPTX PTR.fSCATCRR 
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UNCUPL: 



XHSG: 



SERINIT: 



8EK HANDLER: 



RE_TX: 
CK TX: 



KEXTX: 
EXSERIAL; 

RCV_HANDLER : 
KOWRAP: 



AKDB 

CALL 

BR 

BBC 

BBS 

LD 

ANDB 

CALL 

LD 

ORB 

CALL 

FFT 

LDB 

LDB 

LDB 

LDB 

CLR 

CLRB 

CLRB 

LD 

LD 

ORB 

RET 

PUSHA 

ORB 

BBS 

BBS 

BBS 

BBC 

LDB 

CALL 

BR 

BBC 

LDB 

CKPB 

BNE 

ANDB 

BR 

ORB 

LDB 

CLRB 

POPA 

RET 

8TB 

CMP 

BNE 

LD 

BR 



TXBITS^tTFH 

SEKMSG 
XHSG 

TXBITS , 7 , TXWTNEW 
TX B J TS , 6 , TXWTABR 
TEMPTX_PTR, f UNCOUPLD 
TXBITS, «7FH 
SENMSG 

XKIT BUF PTR,fBUF TX 
SCOP7«2 0H ^ 
SER_HANDLER 

KP_CON, #OAH 

SCOP,#OOH 

BAUD_RATE,#OFH 

BAUD_RATE,#BOH 

SERBITS 

RXBITS 

TX B 1 TS 

RCV_BUF_PTR, #BUF_RCV 
RD_BUF_PTR, #BUF_RCV 
INT_MASK,#4 0H 



6C0P,SP_C0N 

SCOP , 6 , RCV_HANDLER 

SCOP,7,RE_TX 

SCOP,4,RE_TX 

SCOP,2,CK_TX 

TEMPB, 'R* 

CONFIR>5 

EXSERIAL 

SCOP, 5, EXSERIAL 

SERTEKP, tETX 

SERTEMP, (XMIT BUF PTR) 

KEXTX 

TXBITS, lOFEH 
EXSERIAL 
SP_CON, #10H 
SBUF,tXKIT BUF PTR] + 
SCOP ^ ^ 



SBUF, tRCV BUF PTRJ+ 
RCV_BUF_pfR,fBUF RCV+8H 
NOWRAP ^ 
RCV BUF PTR, f BUF RCV 
CK TX ^ 
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5 



10 

CKS: 



75 



CKCAU^Q: 



20 



CKRPT: 

25 



30 

CKZERD: 



35 

IGNORE: 
V7T PKG: 
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EXPKT: 



Lt>B OTHER, IIXBIT6 

AKDB OTHER, 1 3 FH 

CTKPB OTHER,|00H 

BNE WT_PKG 

CMPB SBUr,|*7» 

BNE CKS 

DEC RCV^BUF PTR 

BBS TXBITS^O, IGNORE 

hDB SERBITS,! OIBH 

ORB TXB3TS,I01H 

BR IGNORE 

CMPB £BUF,««4» 

BNE CKCALRQ 

DEC RCV BUF PTR 

BBS TXBlTS , IGNORE 

LDB SERBITS,#01AH 

ORB TXB3TS,«01H 

BR IGNORE 

CMPB SBUF,«M' 

BNE CKRPT 

DEC RCV BUF PTR 

BBS TXBITS,0, IGNORE 

LDB SERBITS,<019H 

ORB TXBITS,|01H 

BR IGNORE 

CMPB SBUF,«M • 

BNE CK2ER0 

DEC RCV_BUF_PTR 

BBS TXBI TS , 0 , IGNORE 

LDB SERBITS,«018H 

ORB TX6ITS,«01H 

BR IGNORE 

CMPB SBUF,f 

BNE WT_PKG 

DEC RCV_BUF_PTR 

BBS TXBITS , 0 , IGNORE 

LDB SERBITS , * 017H 

ORB TXBITS, I OIH 

RET 

INCB RXBITS 

LDB OTHER , RXBITS 

ANDB OTHER, <|3FH 

CMPB OTHER,<(02H 

BE EXPKT 

LDB SERBITS,! OOH 

RET 

ANDB RXBITS, fOCOH 

LDB SERBITS, (RD BUF^PTRJ 

RET 

END 



so 

Changes can be made in the above-described invent and scope thereof. It is intended, therefore, that 
the embodiments disclosed above are to be interpreted as illustrative of the invention and not that the 
invention is to be limited thereto. 

55 Claims 

1. A drive/sense circuit usable with an ultrasonic transducer in contact with a load indicating member, said 
drive/sense circuit comprising: 
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a controller circuit having computational capabilities, data storage capabilities and comparison 

capabilities: 

a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 
from said controller circuit, said high voltage pulse drive circuit having an input connection from said 
5 controller circuit and output connection to said ultrasonic transducer; 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
frequency of said ultrasonic transducer; 

an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
10 detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
echo time of flight wherein said high voltage pulse drive circuit produces a high voltage pulse which is 
predeterminedly variable to an amplitude. 

IS 2. The drive/sense circuit of claim 1 wherein said high voltage pulse drive circuit is optimally set 
according to said ultrasonic transducer individual performance characteristics to produce said echoes at 
a predetermined amplitude. 

3. The drive/sense circuit of claim 1 wherein said controller circuit control signals to said high voltage 
20 supply circuit are pulse width modulation signals. 

4. The drive/sense circuit of claim 1 wherein said load indicating member is a fastener. 

5. A drive/sense circuit usable with an ultrasonic transducer in contact with a load Indicating member, said 
25 drive/sense circuit comprising: 

a controller circuit having computational capabilities, data storage capabilities and comparison 
capabilities: 

a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 
from said controller circuit, said high voltage pulse drive circuit having an input connection from said 
30 controller circuit and output connection to said ultrasonic transducer; 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
frequency of said ultrasonic transducer; 

an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
35 detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
echo time of flight wherein said timing circuit includes digital counting and analog interpolation between 
digital counts, said analog interpolation using two out of phase ramp signals such that at all times one 
of said ramp signals provides a measure of the fraction of a said digital count period. 

40 

6- The drive/sense circuit of claim 5 also wherein said timing circuitry operates to generate artificial stop 
signals, said artificial stop signals being usable for calibration of said ramp signals. 

7. The drive/sense circuit of claim 5 wherein said artificial stop signals are generated at precise intervals 
45 In time and wherein said ramp signals calibration is conducted on request. 

8- The drive/sense circuit of claim 5 wherein said load indicating member Is a fastener. 

9. A drive/sense circuit usable with an ultrasonic transducer In contact with a load indicating member, said 
50 drive/sense circuit comprising: 

a controller circuit having computational capabilities, data storage capabilities and comparison 

capabilities; 

a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 
from said controller circuit, said high voltage pulse drive circuit having an input connection from said 
55 controller circuit and output connection to said ultrasonic transducer; 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
frequency of said ultrasonic transducer; 
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an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
echo time of flight wherein said controller circuit establishes minimum and maximum time limits to form 
5 an echo detection window and wherein said controller circuit controls said timing circuit operation for 

placing said echo detection window at a selectable point in time. 

10. The pulse/drive circuit of claim 9 wherein an echo signal received within said echo detection window is 
input to said controller circuit which controller computes the time of flight of said echo with respect to 

70 its respective drive pulse. 

11. The drive/sense circuit of claim 9 wherein said load indicating member is a fastener, 

12. A drive/sense circuit usable with an ultrasonic transducer in contact with a load indicating member, said 
75 drive/sense circuit comprising: 

a controller circuit having computational capabilities, data storage capabilities and comparison 
capabilities; 

a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 
from said controller circuit said high voltage pulse drive circuit having an input connection from said 
20 controller circuit and output connection to said ultrasonic transducer; 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
frequency of said ultrasonic transducer; 

an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
25 detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
echo time of flight wherein said controller circuit establishes a timing period said timing period having 
an end determined by an echo signal zero crossing after said echo signal exceeds a preset threshold 
value. 

00 

13. The drive/sense circuit of claim 12 wherein said echo signal zero crossing is the first zero crossing after 
said echo exceeds said preset threshold value. 

14. The drive/sense circuit of claim 13 wherein said echo detection circuitry automatically detects the first 
35 positive going zero crossing after exceeding a negative threshold or the first negative going zero 

crossing after exceeding a positive threshold, 

15. The drive/sense circuit of claim 12 wherein said load indicating member Is a fastener. 

40 16. A drive/sense circuit usable with an ultrasonic transducer in contact with a load Indicating member, said 
drive/sense circuit comprising: 

a controller circuit having computational capabilities, data storage capabilities and comparison 
capabilities; 

a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 
45 from said controller circuit, said high voltage pulse drive circuit having an input connection from said 
controller circuit and output connection to said ultrasonic transducer; 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
frequency of said ultrasonic transducer: 
60 an echo detection circuit connected to said tuned amplifier and to said controller circuit for 

detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
echo time of flight wherein said echo detection circuit automatically establishes a threshold value 
against which echo signals are measured wherein said tfireshold values are selected to minimize errors. 

55 

17. Tiie pulse/drive circuit of claim 16 wherein said threshold value used in said echo detection circuitry 
can be automatically selected for said transducer in contact with said load Indicating member using a 
threshold optimization technique to minimize errors due to signal level variations, said threshold 



44 



EP 0 453^650 A1 ' 



optimization technique comprising ttie measurement of times of flighit with at least two threshold values. 

18. The drive/sense circuit of claim 16 wherein said load indicating member is a fastener and said 
controller circuit computes the time of flight of said echo with respect to its respective drive pulse, 

5 changes in time of flight values are calculated between successive times of flight and said change is 

compared to stored data to determine the instantaneous tension in said fastener. 

19. A drive/sense circuit usable with an ultrasonic transducer in contact with a load indicating member, said 
drive/sense circuit comprising: 

10 a controller circuit having computational capabilities, data storage capabilities and comparison 

capabilities: 

a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 
from said controller circuit, said high voltage pulse drive circuit having an input connection from said 
controller circuit and output connection to said ultrasonic transducer: 
15 a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 

drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
frequency of said ultrasonic transducer: 

an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
detecting valid pulse echo signals received from said transducer; and 
20 a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 

echo time of flight wherein said controller circuit discards invalid times of flight by a first data filtering 
technique comprising taking multiple time of flight measurements and discarding those outside of a 
time acceptance window, said time acceptance window being determined from previous time of flight 
measurements. 

25 

20. The drive/sense circuit of claim 19 wherein the width of said time acceptance window is less than two 
periods of the waveform of an echo signal output from said tuned amplifier. 

21. The drive/sense circuit of claim 19 wherein said first data filtering technique is aborted if more than a 
30 preset percentage of said time of flight measurements are discarded. 

22. The drive/sense circuit of claim 21 wherein said controller circuit computes an average of a plurality of 
said time of flight measurements. 

35 23. The drive/sense circuit of claim 22 wherein said controller circuit time of flight computation is based on 
averaging at least four time of flight measurements. 

24. The drive/sense circuit of claim 22 wherein a scatter value is calculated for said plurality of time of 
flight measurements. 

40 

25. The drive/sense circuit of claim 24 wherein said average of the plurality of the time of flight 
measurements is discarded if said scatter exceeds a preset value. 

26. The drive/sense circuit of claim 19 wherein said load indicating member is a fastener. 

45 

27. A drive/sense circuit usable with an ultrasonic transducer in contact with a load indicating member, said 
drive/sense circuit comprising: 

a controller circuit having computational capabilities, data storage capabilities and comparison 
capabilities: 

50 a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 

from said controller circuit, said high voltage pulse drive circuit having an input connection from said 
controller circuit and output connection to said ultrasonic transducer; 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
55 frequency of said ultrasonic transducer; 

an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
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echo time of flight wherein an echo signal received by said echo detection circuit is input to said 
controller circuit which controller computes the time of flight of said echo with respect to its respective 
drive pulse and wherein a drive pulse to echo signal measurement sequence Is carried out comprising: 
(a) setting the amplitude of said high voltage drive pulses generated from said high voltage drive 
5 circuit setting an echo detection threshold within said echo detection circuit and setting an echo 
selection window within said echo detection circuit; and (b) taking time measurements of echo signals 
detected. 

28. The drive/sense circuit of claim 27 wherein said drive pulse to echo signal measurement sequence 
10 further comprises said controller circuit discards invalid times of flight by a first data filtering technique 

comprising taking multiple time of flight measurements and discarding those outside of a time 
acceptance window. 

29. The drive/sense circuit of claim 27 wherein said load indicating member is a fastener. 

15 

30- A drive/sense circuit usable with an ultrasonic transducer in contact with a load indicating member, said 
drive/sense circuit comprising: 

a controller circuit having computational capabilities, data storage capabilities and comparison 
capabilities; 

20 a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 

from said controller circuit, said high voltage pulse drive circuit having an Input connection from said 
controller circuit and output connection to said ultrasonic transducer: 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted in frequency to the resonant 
25 frequency of said ultrasonic transducer; 

an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
echo time of flight wherein said controller selects an echo from a drive pulse for measurement and 
30 wherein successive drive pulses are generated to interleave their respective echoes between echoes of 
preceding drive pulses. 

31- The drive/sense circuit of claim 30 wherein said load indicating member is a fastener. 

55 32. A drive/sense circuit usable with an ultrasonic transducer in contact with a load indicating member, said 
drive/sense circuit comprising: 

a controller circuit having computational capabilities, data storage capabilities and comparison 
capabilities; 

a high voltage pulse drive circuit for generating high voltage drive pulses under control of signals 
40 from said controller circuit said high voltage pulse drive circuit having an Input connection from said 
controller circuit and output connection to said ultrasonic transducer; 

a tuned amplifier connected to said ultrasonic transducer for sensing and amplifying ultrasonic 
drive pulse signals and echo signals, said tuned amplifier being adjusted In frequency to the resonant 
frequency of said ultrasonic transducer; 

an echo detection circuit connected to said tuned amplifier and to said controller circuit for 
detecting valid pulse echo signals received from said transducer; and 

a timing circuit connected to said echo detection circuit for the measurement of ultrasonic pulse to 
echo time of flight wherein said drive/sense circuit further comprises a means of timing from a first 
echo to a second echo, said means comprising: (a) timing from a first high voltage pulse to a first echo 
50 using a first set of pulse drive and echo detection windows to provide a first time measurement (b) 
timing from a second high voltage pulse to a second echo using a second set of pulse drive and echo 
detection windows to provide a second time measurement, and (c) subtracting said first time measure- 
ment from said second time measurement 

55 33. The drive/sense circuit of claim 32 wherein said load Indicating member is a fastener. 

34. An electronic drive/sense circuit usable for determining the time of flight of ultrasonic waves in a 
fastener, said fastener having an ultrasonic transducer In contact therewith for passing said ultrasonic 
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waves along said fastener length and sensing reflected waves (echo signals), comprising: 
a software driven, microprocessor-based controller; 
a memory connected to said microprocessor of said controller: 

a pulse generating circuit for generating transducer drive pulses being connected to said trans- 
5 ducer and supplying pulses thereto, said pulse generating circuit being controlled with pulse trigger 

signals received by a connection from said controller; 

a comparator circuit connected via a tuned amplifier circuit to said pulse generating circuit output 
and to said transducer for receiving said drive pulses and said echo signals, said comparator circuit 
having an echo detection enable signal connection from said controller and an echo trigger level signal 
10 connection from said controller; 

a digital timer gating circuit connected to an output of said comparator circuit and a pulse trigger 
sync signal connection from said controller; 

a time counter circuit connected to the output of said timer gating circuit and having its output 
connected to said controller; and 
15 an analog time resolver circuit connected to said digital timer gating circuit and having its output 

connected to said controller. 

35. The electronic drive/sense circuit of claim 34 wherein said time counter circuit is resident within said 
controller and connected to said microprocessor therewithin. 

20 

36. The electronic drive/sense circuit of claim 35 wherein said pulse generating circuit includes a high 
voltage generator and a pulse drive circuit connected to said high voltage generator and wherein said 
high voltage generator output voltage level is adjustable from said controller. 

25 37. The electronic drive/sense circuit of claim 36 wherein said pulse trigger signals from said controller are 
pulse width modulation signals connected to said high voltage generator. 

38, The electronic drive/sense circuit of claim 37 wherein said comparator circuit includes a tuned pulse 
amplifier connected to said pulse drive circuit output and to said transducer and an echo detection 
30 circuit connected to the output of said tuned pulse amplifier. 

39- The electronic drive/sense circuit of claim 38 wherein said echo detection circuit has echo detection 
time window settings and echo threshold settings. 

35 40- The electronic drive/sense circuit of claim 39 wherein said echo detection circuit time window settings 
and echo threshold settings are software established from said controller. 

41- The electronic drive/sense circuit of claim 40 wherein said analog time resolver circuit output to said 
controller includes a first ramp signal connection and a second ramp signal connection. 

40 

42. The electronic drive/sense circuit of claim 41 wherein said first and second ramp signals are identical in 
shape and amplitude and approximately 180 degrees out of phase with one another. 

43. The drive/sense circuit of claim 1 wherein said high voltage pulse is predeterminedly variable under the 
45 operation of software instructions resident and operating within said controller circuit. 

44. The drive/sense circuit of claim 43 wherein said controller directs the following operations under said 
software instructions in varying said high voltage pulse: 

a) setting an echo detection window in said echo detection circuit for a required echo; 
50 b) setting said high voltage drive circuit to peak level; 

c) setting a detection threshold and average level in said echo detection circuit to approximately 1 
volt; 

d) waiting for a next pulse/echo cycle; 

e) determining If there is an echo or a time out; 

55 f) if there is a time out. sending a bad bolt signal to an operation; 

g) if there is an echo, reducing said high voltage drive circuit signal level; 

h) waiting for the next pulse/echo cycle; 

1) if there is an echo, again reducing said high voltage drive circuit signal level; 
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j) if there is a time out. increasing said high voltage drive circuit signal level; and 
k) storing the value of that high voltage drive circuit signal level for use. 

45. The drive/sense circuit of claim 5 wherein said digital counting and analog interpolation is carried out 
with the aid of software instructions resident and operating within said controller circuit. 

46. The drive/sense circuit of claim 45 wherein said controller directs the following operations under said 
software instructions: 

a) measuring ramp level equal to A; 

b) determining said timing circuit LSB polarity: 

c) if the polarity is "O". setting H = HO. L = LO and H-L = HO-LO; 

d) if the polarity is "1". setting IVI = H1. L = LI and H-L = H1-L1; 

e) calculating analog time, "T" as a function of the 100ns digital count resolution. T = (A-L)/(H-L); 

f) scaling "T" so that one (1) count = O.lns, T (0.1ns) = (A-L)/(H-L) x (1000); and 

g) storing this analog time for use by the circuit 

47. The drive/sense circuit of claim 16 wherein said controller operates under software instructions resident 
therein to direct said threshold value establishment. 

48. The drive/sense circuit of claim 47 wherein the following steps are performed under said software 
instructions: 

a) setting an echo detection window for a required echo; 

b) setting a low threshold value, approximately 1 volt, and establishing a zero counter and a 
maximum value counter; 

c) waiting for the next pulse/echo cycle; 

d) measuring echo time of flight (TOF); 

e) storing TOF and current threshold value and Incrementing said counters; 

f) incrementing the threshold value; 

g) if the threshold value exceeds a high limit, then calculating optimum threshold equal to maximum 
value minus the threshold plus the maximum value minus the counter value, this all divided by two; 

h) if the threshold value is less than the high limit then wait for the next pulse echo cycle and 
measure TOF; 

i) if the new TOF has not changed then increment the counters and go to the increment the 
threshold value step; 

j) if the TOF has changed then store the counter value and threshold value; 

k) if the counter value Is less than the maximum value stored in the maximum counter, then zero the 
counter and return to the wait for the next pulse echo cycle step; and 

I) if the counter value is greater than the maximum counter value, then the counter value in the 
maximum counter and store the associated threshold in a maximum threshold counter, and then 
zero the counter and return to the wait for the next pulse/echo cycle step. 

49. The drive/sense circuit of claim 19 wherein said controller contains software instructions under which it 
operates to direct the operation of said filtering technique. 

50. The drive/sense circuit of claim 49 wherein said controller directs said circuit to perform the following 
steps: 

a) determining if TOF is the first sample of a set and if so waiting for more samples; 

b) determining If the current TOF is within 50ns of the pulse Interval time and if not then 
incrementing a discard counter; 

c) determining If the number of discards is equal to or greater than 4 and if not waiting for another 
TOF; 

d) if the number of discards equals or is greater than 4, then increment an "abort" counter, clear the 
present count register and set a flag to begin a new cycle; 

e) if the current TOF is within 50ns of the pulse interval time then measure the absolute difference 
from the pulse interval time and add this value to a running total of differences; 

f) add the current TOF to the running total of differences and then determine If the current number of 
samples is equal to the number of samples needed to average; 

g) If this number is less wait for the next cycle; 
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h) if this number is what is needed to average then calculate the average absolute deviation of the 
samples; 

i) divide the running total by the number of samples and set equal to an average value; 

j) if this average value for deviation exceeds a preset limit, increment an abort counter, clear the 
5 registers and set flags for a new cycle; and 

k) if this average value for deviation does not exceed the preset limit, store the new TOF, set a flag 
indicating a valid TOF and set a flag for a new cycle. 
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